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THESIS ABSTRACT
The Warren root collar weevil, Hylobius warreni Wood, is a phytophagous pest of 
conifers in the interior region of British Columbia, particularly lodgepole pine (Pinus 
contorta var. latifolia). Literature suggests the weevils locate hosts based on vision and 
random movements, while the mechanisms of host assessment are unknown. Tracking 
individuals with harmonic radar, I found predominantly random overall movements, while 
movements during host location were based on tree size and proximity. These results were 
supported by the analysis of an existing capture-mark-recapture data set. In further 
experiments, I found that lodgepole pine seedlings under induced stress produced differential 
concentrations of a number of terpenes based on parental resistance to the mountain pine 
beetle (Dendroctonus ponderosae), and that weevils fed differentially on branches of 
different chemical compositions. These findings strengthen the evidence for host location by 
vision and random movements, and provide new evidence for host assessment involving 
chemosensory signals.
TABLE OF CONTENTS
THESIS ABSTRACT........................................................................................................................... ii
TABLE OF CONTENTS....................................................................................................................iii
LIST OF FIGURES............................................................................................................................. vi
LIST OF TABLES............................................................................................................................... ix
ACKNOWLEDGEMENTS.................................................................................................................xi
1. THESIS INTRODUCTION............................................................................................................. 1
1.1 References....................................................................................................................................8
2. HOST LOCATION OF LODGEPOLE PINE (PINUS CONTORTA) BY THE WARREN 
ROOT COLLAR WEEVIL (HYLOBIUS WARRENI)..................................................................... 12
2.1 Introduction................................................................................................................................12
2.2 Methods..................................................................................................................................... 16
2.2.1 Capture and storage of specimens....................................................................................16
2.2.2 Tagging and marking of weevils...................................................................................... 17
2.2.3 Study site ............................................................................................................................19
2.2.4 Tracking..............................................................................................................................20
2.2.5 Statistical analysis..............................................................................................................23
2.2.5.1 Movement Rates.........................................................................................................23
2.2.5.2 Directionality..............................................................................................................24
2.2.5.3 Selection of trees.........................................................................................................25
2.3 Results.......................................................................................................................................26
2.3.1 Tracking success................................................................................................................26
2.3.2 Movement rates.................................................................................................................27
2.3.3 Directionality..................................................................................................................... 29
2.3.4 Selection of trees................................................................................................................31
2.4 Discussion..................................................................................................................................35
2.5 References..................................................................................................................................42
3. MOVEMENT RATES AND PATTERNS AND A POPULATION ESTIMATE FROM A 
CAPTURE-MARK-RECAPTURE STUDY OF THE WARREN ROOT COLLAR WEEVIL 
{HYLOBIUS WARRENI).....................................................................................................................46
3.1 Introduction................................................................................................................................46
3.2 Methods.....................................................................................................................................48
3.3 Statistical Analysis.................................................................................................................... 49
3.3.1 Directionality.....................................................................................................................49
3.3.2 Movement rates of weevils and spatial characteristics of trees..................................... 50
3.3.3 Effect of physical and spatial characteristics of trees on total number of captures 51
3.3.4 Population size and density estimate............................................................................... 52
3.4 Results....................................................................................................................................... 54
3.4.1 Directionality..................................................................................................................... 54
3.4.2 Movement rates of weevils and spatial characteristics of trees.......................................54
3.4.3 Effect of physical and spatial characteristics of trees on captures................................. 56
3.4.4 Population size estimate................................................................................................... 61
3.5 Discussion..................................................................................................................................61
3.5.1 Directionality..................................................................................................................... 61
3.5.2 Captures of weevils............................................................................................................61
3.5.3 Movement rates................................................................................................................. 63
3.5.4 Population estimate............................................................................................................64
3.6 References..................................................................................................................................66
4. HERITABILITY OF LODGEPOLE PINE (PINUS CONTORTA) TERPENE-BASED 
RESISTANCE TO THE MOUNTAIN PINE BEETLE (DENDROCTONUS PONDEROSAE) 
AND THE EFFECT ON FEEDING BY THE WARREN ROOT COLLAR WEEVIL 
{HYLOBIUS WARRENI) ..................................................................................................................... 69
4.1 Introduction................................................................................................................................69
4.2 Methods..................................................................................................................................... 75
4.2.1 Treatment of trees.............................................................................................................. 76
4.2.2 Sampling............................................................................................................................ 79
4.2.3 Chemical analysis.............................................................................................................. 79
4.2.4 Chirality of terpenes..........................................................................................................81
4.2.5 Weevil bioassay................................................................................................................. 82
4.2.6 Statistical analysis..............................................................................................................83
4.2.6.1 Chemical composition of seedlings.......................................................................... 84
4.2.6.2 Chiral terpene analysis............................................................................................... 85
4.2.6.3 Growth rates of seedlings.......................................................................................... 85
4.2.6.4 Weevil bioassay..........................................................................................................86
4.3 Results....................................................................................................................................... 87
4.3.1 Chemical composition of seedlings..................................................................................87
4.3.2 Chiral terpene analysis.....................................................................................................101
4.3.3 Growth rates......................................................................................................................103
4.3.4 Weevil Bioassay.............................................................................................................. 103
4.4 Discussion................................................................................................................................ 108
4.4.1 Chemical composition of seedlings................................................................................108
4.4.2 Chirality of terpenes........................................................................................................113
4.4.3 Growth rates..................................................................................................................... 114
4.4.4 Weevil bioassay............................................................................................................... 114
4.5 References................................................................................................................................ 118
5. CONCLUSIONS AND IMPLICATIONS..................................................................................124
5.1 References.............................................................................................................................. 130
APPENDIX A .................................................................................................................................... 132
A.l Schematic diagrams of study site at the Prince George Tree Improvement Station,
used for Harmonic Radar tracking experiments of Hylobius warreni..................................... 132
A.2 Model selection by AIC value, representing Hylobius warreni selection of trees............ 135
APPENDIX B .................................................................................................................................... 136
B.l. Relationship between number of Hylobius warreni individuals marked, captured, and 
recaptured in a lodgepole pine stand............................................................................................ 136
B.2 Model selection by AIC value, representing the total number of captures of Hylobius 
warreni by funnel traps on lodgepole pine trees......................................................................... 137
APPENDIX C .................................................................................................................................... 138
C. 1. Illustration of paternal and maternal seed sources of lodgepole pine cone types
collected and grown for use in experiments................................................................................138
C.2 Correlations between analyzed terpenes in lodgepole pine woody tissue..........................139
C.3 Model selection by AIC value, representing the feeding of Hylobius warreni on 
lodgepole pine branches............................................................................................................... 145
LIST OF FIGURES
Figure 2.1. Attachment of transponder to the elytra of an individual of H. warreni, showing 
the three-colour marking system on the diodes. Photo was taken by Staffan Lindgren in 2013. 
........................................................................................................................................................ 19
Figure 2.2. Comparison of movement rates of first and second moves, following a one hour 
settling period, of adult Hylobius warreni in a harmonic radar tracking experiment. The first 
move represented the initial night’s movements (-15 hours in length), while the second move 
represented the next day and night’s movements (-24 hours in length). Differences are 
significant by a paired t-test (fytop 3.88, P c.001). N=41.......................................................... 28
Figure 2.3. Comparison of total distance moved by male and female adult Hylobius warreni 
in 39 hours, following a one hour settling period, in a harmonic radar tracking experiment. 
The movements recorded were the sum of two separate moves, one representing the first 
night’s observations (-15 hours) and the other representing the following day and night’s
observations (-24 hours). Differences observed were not significant by Welch’s t-test (/(36 6)
= -1.05, P = 0.30). N= 15 female, 24 male..................................................................................28
Figure 2.4. Circular histogram of frequencies of directions individuals of Hylobius warreni 
moved for their first move >30 cm in a series of harmonic radar tracking experiments during 
the summers of 2013 and 2014. Each bar represents 10 degrees of arc. The distribution was 
not found to deviate from randomness by the Rayleigh test (r=0.15, P=0.24). N= 59........... 30
Figure 2.5. Effect of the direction individuals of Hylobius warreni were facing at release on 
the direction of their first move >30 cm during a series of harmonic radar tracking 
experiments in the summer of 2013 and 2014. N=59, Circular correlation (r=.0067, P=0.96). 
........................................................................................................................................................31
Figure 2.6. The effect of distance from plot center on the proportion of trees selected by 
individuals of Hylobius warreni in a lodgepole pine stand during a series of harmonic radar 
tracking experiments in the summer of 2013 and 2014. N=172................................................32
Figure 2.7. The effect of height on the proportion of trees selected by individuals of Hylobius 
warreni in a lodgepole pine stand during a series of harmonic radar tracking experiments in 
the summer of 2013 and 2014. N=172........................................................................................ 33
Figure 2.8. The effect of the interaction between tree height and distance from plot center on 
the proportion of trees selected by individuals of Hylobius warreni in a lodgepole pine stand 
during a series of harmonic radar tracking experiments in the summer of 2013 and 2014. 
N=172.............................................................................................................................................33
Figure 2.9. The effect of the interaction between tree height and distance to nearest neighbor 
tree on the proportion of trees selected by individuals of Hylobius warreni in a lodgepole 
pine stand during a series of harmonic radar tracking experiments during the summers of 
2013 and 2014. N=172..................................................................................................................34
Figure 3.1. Voronoi polygons constructed by a Dirichlet tessellation used to determine 
neighbouring trees and the area potentially available (APA) for each tree in a site used for a 
capture-mark-recapture study of H. warreni in 2006. The polygonal window around the 
triangulation was +1.4 m from the approximate range of tree positions, which are represented 
in the figure by circles. Figure was created using the “spatstat” package in R (Baddeley and 
Turner 2005).................................................................................................................................. 51
Figure 3.2. Movement distances per night of Hylobius warreni, when individuals were 
captured on consecutive days at different trees (“Weevil movement”) in a lodgepole pine 
stand, compared to both the mean distances between trees (“Mean distance”) and distance to 
nearest neighbour trees (“NN distance”) within the stand. Data were collected during a 
capture-mark recapture experiment in the spring of 2006..........................................................56
Figure 3.3. Relationship between the diameter of trees in a lodgepole pine stand, and the total 
number of captures of individuals of Hylobius warreni of each tree over a 12 day period in 
the spring of 2006..........................................................................................................................58
Figure 3.4. Effect of needle colour (either needles green or discoloured red and/or yellow) on 
the total number of captures of individuals of Hylobius warreni in a lodgepole pine stand 
over a 12 day period in the spring of 2006..................................................................................58
Figure 3.5. Effect of whether or not the tree was visibly leaning on the total number of 
captures of individuals of Hylobius warreni in a lodgepole pine stand over a 12 day period in 
the spring of 2006..........................................................................................................................59
Figure 3.6. Effect of the interaction of tree diameter and distance to nearest neighbour tree on 
the total number of captures of Hylobius warreni for that tree, in a lodgepole pine stand, over 
a 12 day period in the spring of 2006...........................................................................................60
Figure 3.7. Effect of the interaction of tree diameter and area potential available (APA) on 
the total number of captures of Hylobius warreni for that tree, in a lodgepole pine stand, over 
a 12 day period in the spring of 2006.......................................................................................... 60
Figure 4.1. Example of a bioassay container, showing the arrangement of the labeled 
lodgepole pine branches, and the placement of the single individual of Hylobius warreni. .. 83
Figure 4.2. Effect of cone type of seed source on concentrations terpenes in lodgepole pine 
woody tissue. Different letters indicate significant differences between cone types...............94
Figure 4.3. Terpene concentrations of lodgepole pine seedlings, comparing treatment trees, 
treated with a MeJa solution, and control trees. The differences in ocimene and linalool 
concentrations were statistically significant, while the differences in total terpene 
concentrations were not (see text)................................................................................................97
Figure 4.4. Canonical scores plots from linear discriminant analysis, showing the separation 
of cone types by terpene concentrations. Concentrations of all cone types were In (x+1) 
transformed before analysis........................................................................................................ 100
Figure 4.5. Effect of the sex of Hylobius warreni individuals on the mean area of bark tissue 
eaten of branches from lodgepole pine seedlings in a feeding bioassay (N= 37 male, 38 
female, Fn,67.9)=7.56, /*=.008)................................................................................................... 105
Figure 4.6. Effect of site of seed source of lodgepole pine seedling branches on the mean area 
of bark tissue eaten by individuals of Hylobius warreni in a feeding bioassay. N=50 branches 
for each site. The overall random effect of site of seed source was not significant (x2<n=2.96, 
P=09)........................................................................................................................................... 105
LIST OF TABLES
Table 2.1. Host location trials of Hylobius warreni tracked by harmonic radar in a lodgeople 
pine stand in the summers of 2013 and 2014..............................................................................22
Table 2.2. Total and successful replicates of H. warreni releases during a series of harmonic 
radar tracking experiments during the summers of 2013 and 2014. A replicate was 
considered successful if the weevil was located alive at least twice, and had moved more than 
30 cm from the plot center............................................................................................................26
Table 2.3. Results of the best-fit mixed effects logistic regression model for Hylobius 
warreni selection of trees from a harmonic radar tracking experiment. Distance= distance of 
tree from the plot center, Height= total tree height, NN= distance from the tree to its nearest 
neighbor tree.................................................................................................................................. 32
Table 3.1. Results of the Rayleigh tests for significance of the mean direction of movement 
in a circular distribution for individuals of Hylobius warreni during a capture-mark-recpature 
experiment in a lodgepole pine stand in the spring of 2006...................................................... 54
Table 3.2. Descriptive statistics of single night movement distances of individuals of 
Hylobius warreni, when captured on consecutive mornings at different trees in a lodgepole 
pine stand (“Weevil movement”) to the mean distance between trees (“Mean distance”) and 
the distance to the nearest neighbor tree (“NN distance”) during a capture-mark-recapture 
experiment in the spring of 2006................................................................................................. 55
Table 3.3. Results of the best-fit linear regression equation of spatial and physical parameters 
on the total number of captures of Hylobius warreni individuals of trees in a lodgepole pine 
stand, selected on the basis of AIC value. “Diameter”= diameter of each tree, “APA”= area 
potentially available for each tree, square root transformed, “Nearest Neighbour”= distance 
to nearest neighbour tree, “Colour”= a factor indicating if the needles were discoloured either 
yellow or red, and “Leaning”= a factor indicating if the tree was visibly leaning. The 
dependent variable (number of captures) was ln(x+l) transformed..........................................57
Table 4.1. Characteristics of sites and families used for seed collection, planted and grown at 
the I.K. Barber Enhanced Forestry Laboratory at the University of Northern British 
Columbia. The three-year old lodgepole pine seedlings were subsequently used for MeJa 
treatment experiments testing the genetic inheritance of terpene resistance traits to the 
mountain pine beetle, and their effect on the feeding of the Warren root collar weevil 78
Table 4.2. Descriptive statistics of concentrations of analyzed terpenes in lodgepole pine 
woody tissue. N=150.................................................................................................................... 91
Table 4.3. Results of the mixed-model ANOVAs for the effect of MeJa treatment and 
conetype of maternal seed source on terpene production in woody tissue of lodgepole pine 
seedlings. Random effects were site and family. DF= degrees of freedom (numerator, 
denominator)..................................................................................................................................92
Table 4.4. Significance tests of the random effects (Site and Family) from the mixed-model 
ANOVAs for the effect of MeJa treatment and conetype of maternal seed source on terpene 
production in woody tissue of lodgepole pine seedlings............................................................93
Table 4.5. Descriptive statistics and comparisons by paired t-tests the proportion of 
concentrations of (+) and (-) enantiomers of analyzed terpenes in lodgepole pine woody 
tissue. N=45................................................................................................................................. 102
Table 4.6. Results of the mixed-model ANOVAs for the effect of MeJa treatment and 
conetype of maternal seed source on the proportion of (+) enantiomer produced for five 
chiral terpenes in woody tissue of lodgepole pine seedlings. Random effects were site and 
family. df= degrees of freedom (numerator, denominator). N=45.......................................... 102
Table 4.7. Significance tests of the random effects (Site and Family) from the mixed-model 
ANOVAs for the effect of MeJa treatment and conetype of maternal seed source on the 
proportion of (+) enantiomer produced for five chiral terpenes in woody tissue of lodgepole 
pine seedlings. N=45................................................................................................................... 102
Table 4.8. Results of the individual mixed effects linear regressions of area of bark tissue 
eaten (mm2, Square root transformed) over the concentrations (ppm) of individual terpenes. 
Covariates included in the models were sex, which was significant in all models (/’<.05), and 
surface area of bark tissue available (NS). The random effect was container........................106
Table 4.9. Results of the best-fit mixed effects linear regression equation, chosen by AIC 
value, describing the predictors of the total area of lodgpeole pine seedling woody tissue 
eaten by individuals of Hylobius warreni. The response variable was square root 
transformed, and the random effects were site, family and container.....................................107
ACKNOWLEDGEMENTS
I would first and foremost like to thank both my supervisors, Dr. Staffan Lindgren 
and Dr. Dezene Huber. Your support and guidance throughout this entire process has been 
incredible. I really don’t think that I could have had two better supervisors, and your 
continued assistance has made this thesis possible. In addition, I would like to thank my third 
Committee member, Dr. Matt Reid for your input and help. Finally, thank you to my external 
examiner, Dr. Allan Carroll for your assistance.
I would also like to thank all of the people involved with the Forest Insect Research 
Group (FIRG) at UNBC. Our weekly meetings were a valuable part of my entire university 
experience, and your feedback on my projects and presentations helped immensely. In 
particular, I would like to acknowledge the help of Jeanne Robert and Tim Owen for help in 
the lab and with other lab-related issues. I really don’t know what I would have done without 
both of your assistance at times.
I would further like to thank both of my field assistants, Claire Shrimpton and 
Chelsea Monell, for their hard work and patience, and the entire staff at the Prince George 
Tree Improvement Station, especially Rita Wagner and Bonnie Hooge for allowing me to 
conduct my fieldwork there, and for their help. In addition, thank you to my officemates,
Kim Tuor and Bann Zahir, for making the entire process enjoyable, and for keeping me 
upbeat when I was frustrated. I would additionally like to acknowledge my sources of 
monetary support: NSERC, the BC Provincial Government, and UNBC.
I would like to thank all of my family and friends for their encouragement, patience, 
and moral support during the tough times of my program. In particular, thank you to my 
parents, for their continued encouragement and for helping give me the push I needed to
begin my degree. Finally, I would like to give a huge thank-you to my husband Dennis. I 
truly appreciate your never-ending patience, support, and supply of home-cooked food. I 
could not have done it without you.
1. THESIS INTRODUCTION
The Warren root collar weevil, Hylobius warreni Wood (Coleoptera: Curculionidae), 
is a phytophagous pest of conifers, native to the boreal forests of Canada (Cerezke 1994). 
Adult weevils are large, with males averaging approximately 13.2 mm in length (typical 
range of 11.7-14.4 mm), and females slightly larger, on average 13.7 mm long (12.0-15.1 
mm) (Wood 1957, Cerezke 1994). Both sexes are about 2.4-2.6 times as long as they are 
wide (Cerezke 1994). They have a fairly stout rostrum, the conspicuous snout that is 
characteristic of the weevil family (Wood 1957, Cerezke 1994). The body of the weevil is 
dark brown in appearance, with pale yellow spots on their elytra formed by the presence of 
white or pale yellow hairs (Wood 1957). The elytra are fused, and thus the weevils are 
flightless and movements are accomplished by walking (Cerezke 1994). They are long-lived 
insects, with larvae taking up to two years to develop, and adults living up to a further five 
years (Cerezke 1994). Adult weevils are nocturnal and ascend trees during the night in order 
to feed on bark of host trees, although such feeding usually causes minimal damage to the 
host (Warren 1956, Cerezke 1994). Females lay their eggs on and around the root collars of 
their hosts in specialized “niches” that they excavate in the bark tissue (Cerezke 1994). The 
larvae subsequently feed on the phloem of the roots and root collar as they develop and grow 
(Cerezke 1994). The trees respond to this feeding by the production of defensive resin, which 
the larvae mix with freshly chewed bark to form a protective casing that partially shields 
them from the tree’s defenses (Cerzke 1994). The feeding of the larvae can cause damage to 
the host trees, and ultimately can result in either full or partial girdling of the root collar or 
main roots. This may result in subsequent mortality in young trees (less than 30 years of age,
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with peak mortality on trees between 5-10 years of age) or reductions in growth in older trees 
(Warren 1956, Cerezke 1974,1994, Ives and Rentz 1993).
In British Columbia (BC) and Alberta the preferred host of H. warreni is lodgepole 
pine (Pinus contorta var. latifolia Engelm.), but most coniferous species including other pine 
(Pinus), spruce (Picea), fir (Abies), and larch (Larix) are susceptible (Warren 1956, Grant 
1966, Cerezke 1994). Further, weevil abundance appears to be correlated with stand and site 
environmental conditions, and they are most common on moist to wet sites (Cerezke 1994, 
Ives and Rentz 1993). Hylobius warreni is widespread in British Columbia and appears to be 
common in interior forests. It has been found in at least 17% of all BC pine plantations, with 
attack rates within these plantations as high as 45.9% (Hodge et al. 1993, Schroff et al.
2006). Given that lodgepole pine is the most important conifer to the BC forest industry 
(Schroff et al. 2006), the weevil may have economic impact in some situations. The weevil 
has become especially severe in the wake of the recent mountain pine beetle, Dendroctonus 
ponderosae Hopkins (Coleoptera: Curculionidae), epidemic across the province. Replanting 
of harvested lodgepole pine forests has generated monoculture blocks of young pine, which 
are more prone to girdling mortality by H. warreni due to their age and thus small size 
(Cerezke 1994). Planted lodgepole pine often have reduced root cross sectional area and 
increased root deformation and are therefore more susceptible to growth reductions and 
mortality than naturally regenerated trees (Robert and Lindgren 2006, 2010). Reduction of 
the availability of pine hosts from mass mortality likely caused the existing populations of H. 
warreni to migrate from mature stands to remaining live trees and plantations (Klingenberg 
et al. 2010b). These combined factors make H. warreni a potentially important pest affecting 
British Columbia’s forest economy in the future (Klingenberg et al. 2010b).
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For phytophagous insects, selection of an appropriate host involves two related, but 
distinct phases -  host location, which involves finding a potential host and making contact 
with it; and host assessment, which occurs after the insect has made contact with a potential 
host and must determine if it is suitable for use (Dethier 1983, Machial et al. 2012a). For 
each of these phases, insects can utilize various modalities, including visual, tactile and 
chemosensory (gustatory or olfactory). They may use several modalities simultaneously or in 
sequence, as the modalities used may vary with different phases of the host selection process 
(Bemays and Chapman 1994).
In the host location phase, chemosensory host location appears to be common in 
many insects. For example Hylobius pinastri (Gyllenhaal), a species closely related to H. 
warreni, has been shown to be attracted to volatile terpenes released by their host trees 
(Lindelow et al. 1993). Studies on the white-pine weevil {Pissodes strobi Peck) found it was 
also attracted to host terpenes (Wilkinson 1980), while the West Indian sugarcane weevil 
[Metamasius hemipterus sericeus (Oliv.)] was attracted to volatile pheromones produced by 
other weevils (Perez et al. 1997). In the boll weevil (Anthonomus grandis Boheman), males 
were attracted primarily to mixtures of host tree terpenoids, while females were attracted 
primarily to a male pheromone (Hedin et al. 1979). Visual cues are also common, usually 
used in conjunction with chemical cues. For example, the pine weevil [Hylobius abietis (L.)], 
which feeds on live conifers but reproduces in dead and dying roots and stumps, is attracted 
approximately equally by visual and chemical cues (terpenes and ethanol), and the 
combination of cues affect behavior in an additive manner (Tilles et al. 1986, Nordenhem 
and Eidmann 1991, Lindelow et al. 1993, Bjorklund et al. 2005). In addition, females of the
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plum curculio [Conotrachelus nenuphar (Herbst)] appear to locate host fruit using a 
combination of olfaction and vision (Butkewich and Prokopy 1993).
Once an individual successfully locates a host, it must move onto the host assessment 
phase, where it determines if the host it has found is suitable for feeding, oviposition, or 
some other purpose. This may occur by the same modality or modalities as the host location 
process, or it may be different. Alternatively, the same modalities may be used, but the 
relative importance of each may change. Host location primarily by vision, followed by host 
assessment by chemical means is a good example of this sequential process. For example, the 
results of a study by Reeves et al. (2009) found that the aquatic milfoil weevil 
(Euchrychiopsis lecontei Dietz) likely uses visual cues to locate hosts from a distance, and 
then uses either visual or chemical cues to accept or reject individual hosts upon contact. 
Similarly, the mountain pine beetle appears to use primarily visual cues and random landings 
during host location, followed by host assessment using primarily chemical cues (Safranyik 
and Carroll 2006). However, chemical modalities are likely used to some extent during both 
phases, for example to detect and avoid weakened trees (Gara et al. 1984) and to identify 
host vs. non-host species (Moeck and Simmons 1991, Huber et al. 1999, 2000, Campbell and 
Borden 2006a). Other species of bark beetles appear to use similar visual and chemical 
mechanisms, with different levels of priority placed on each at each stage of the host 
selection process, including the Douglas-fir beetle (Dendroctonus pseudotsugae Hopkins) 
(Rudinsky 1966, Dickens et al. 1983, 1984, Campbell and Borden 2006b), the southern pine 
beetle (Dendroctonus frontlis Zimmerman) (Strom et al. 1999), and the western pine beetle 
(Dendroctonus brevicomis LeConte) (Strom et al. 2001).
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In spite of the wealth of knowledge regarding many weevil species, there is huge 
diversity among the Curculionidae and thus still much to learn regarding the host selection 
mechanisms of H. warreni and virtually countless other weevils. Previous research showed 
evidence for at least an element of randomness in the host location process of H. warreni.
For example, Machial et al. (2012b) found that H. warreni movement rates in several habitat 
types were higher in an open field than in a lodgepole pine forest, representing less and more 
favorable habitats respectively, but there was no apparent directional preference. Similarly, 
Klingenberg et al. (2010a) found that H. warreni movement rates in habitats of dead hosts 
were higher but non-directional, compared to habitats of live hosts. Finally, Schroff et al. 
(2006) found that H. warreni distributions tended to be random across several lodgepole pine 
stands, rather than aggregated or clumped.
Evidence suggests that when the weevils do use directed movements in their host 
location, that these are directed at least in part by vision, as Machial et al. (2012a) found 
attraction to visual cues in the absence of olfactory stimuli. The weevils showed attraction to 
visual silhouettes of trees, including crown, trunk, and full tree silhouettes when compared 
with controls (no silhouettes), and showed preference for full tree silhouettes over partial 
(crown or trunk only), but there was no observed preference for different colours. Blinding 
the insects successfully reduced their host-finding ability (Machial et al. 2012a). The primary 
determinant of H. warreni attack rates on lodgepole pine appears to be tree size, with larger 
diameter trees being more susceptible (Cerezke 1994, Schroff et al. 2006). Cerezke (1994) 
suggested that this is due to female oviposition tending to be correlated with the amount of 
healthy bark available, which would be more abundant for larger trees. However, this 
observation may also support a visual and/or random host location mechanism, as the larger
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trees would be more visually apparent to searching weevils, but would also occupy a larger 
area and thus may be encountered more frequently during random movements.
Previous studies assessing the role of chemicals in host location have thus far been 
inconclusive. Unpublished data from B.S. Lindgren (cited in Duke and Lindgren 2006) 
suggest that H. warreni is not attracted by either a-pinene or ethanol. Further tests subjecting
H. warreni to volatiles from host material in the lab showed no response (Kishan 
Sambaraju1, pers. comm.). Additionally, Duke and Lindgren (2006) found no correlation 
between overall monoterpene content of lodgepole pine trees on attack rates by H. warreni. 
With regards to host assessment mechanisms, choice and non-choice feeding bioassays have 
shown that H. warreni does feed more on its preferred lodgepole pine hosts, when compared 
to less preferred conifers and non-host angiosperms (Hopkins et al. 2009). This presumably 
suggests some mechanism of host assessment once in contact with the host’s tissues, 
although it is not clear if this is mediated by vision, chemoreceptors, or some other modality. 
Chemosensory host assessment is possibly suggested by the results of Duke and Lindgren 
(2006), as this study found correlations of certain individual monoterpenes on attack rates. 
This suggests olfactory or gustatory cues may play a role in host acceptance, either in 
identifying suitable trees and/or rejecting successfully defended trees. However, it is also 
possible that some monoterpenes affect survival of larvae, rather than host choice by the 
weevils.
Although many insects use visual cues in combination or sequence with olfactory 
cues, as shown by the examples cited above, selection of hosts by vision only, without any 
chemical cues, appears to be rare (Machial et al. 2012a). Evidence seems to indicate that any
1 Research Scientist, Natural Resources Canada, Laurentian Forestry Centre, Quebec, QC
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chemical cues used by H. warreni are likely to occur at the level of host assessment, not host 
location, so it makes sense to further investigate the potential chemical component in host 
assessment mechanisms. It is also important to look for any specific physical characteristics 
of the hosts that may influence the visual aspect of host location, in order to determine the 
relative importance of randomness vs. directed host locating mechanisms. Therefore, in 
Chapter 2 of this thesis I will examine physical cues of lodgepole pine influencing visual 
aspects of host location of H. warreni by the use of a harmonic radar tracking experiment. In 
Chapter 3 I will focus on further describing some movement rates and patterns and 
population characteristics of H. warreni by the use of a previously collected capture-mark- 
recapture data set. In Chapter 4 I will determine if any chemosensory cues affecting the host 
assessment processes can be found, and relate them to any potential resistance traits of the 
trees to another predominant insect pest of lodgepole pine, the mountain pine beetle. Finally, 
in Chapter 5 I will summarize the results of the previous three chapters and make possible 
conclusions regarding the host location and selection processes of H. warreni. I have written 
this thesis in chapter format, to allow the possibility for submission of the chapters for 
potential publication, and thus there is some repetitiveness and overlap in the writing and the 
literature reviewed.
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2. HOST LOCATION OF LODGEPOLE PINE (PINUS CONTORTA) BY THE 
WARREN ROOT COLLAR WEEVIL (HYLOBIUS WARRENI)
2.1 Introduction
The Warren root collar weevil, Hylobius warreni (Coleoptera: Curculionidae), is a 
pest of conifers, particularly lodgepole pine (Pinus contorta var. latifolia) in the interior of 
British Columbia. They are large and long-lived weevils, measuring approximately 12-15 
mm in length and living up to five years as adults (Wood 1957, Cerezke 1994). The adults 
are nocturnal and ascend trees at night to feed on bark of branches, although this adult 
feeding usually causes minimal damage to the host (Cerezke 1994). However, the females 
lay their eggs on the roots and root collars of potential host trees, where the larvae develop 
and feed (Warren 1956, Cerezke 1994). This larval feeding can result in either partial or 
complete girdling of the host tree, leading to growth reductions or mortality, especially for 
young trees less than about 30 years of age (Warren 1956, Cerezke 1972, 1974,1994), 
although host mortality was observed in a recent study to decline much earlier (Schroff et al. 
2006). Hylobius warreni is flightless, and therefore dispersal movements are accomplished 
exclusively by walking, and are relatively slow, with previous studies suggesting movement 
rates on the order of 1-2 meters/day (Cerezke 1994, Machial et al. 2012b). Further, the 
function of their dispersal movements appears to be predominantly directed towards the 
location of potential host trees and habitats (Cerezke 1994, Klingenberg et al. 2010a, Machial 
etal. 2012b).
Optimal foraging theory suggests that animals should use information from their 
environment in order to optimize the quantity and quality of resources acquired, for a given 
amount of time and energy invested (Bell 1991). This suggests that insects such as H. 
warreni should use as much available information as they can to direct their movements
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towards and locate the most suitable potential host trees. On the other hand, Bemays and 
Chapman (1994) note that there is often a very strong random element to host finding, and 
that some modeling approaches have shown that in certain situations, random movements 
may actually be more efficient than directed movements. Studies on the pine weevil 
CHylobius abietis) support this assertion, as a study by Bjorklund et al. (2005) found that 
many individuals of H. abietis were captured in pitfall traps without any attractive stimuli, 
suggesting that the weevils would randomly encounter large numbers of suitable host trees in 
their natural environment.
It is uncertain to what extent H. warreni uses directed cues, compared to random 
movements, to locate host trees. Previous studies have suggested that, at least in some cases, 
movements to locate potential hosts may follow a predominantly random pattern. For 
example, movement rates have been found to be higher but non-directional in unfavourable 
environments including habitats with dead trees (Klingenberg et al. 2010a) and an open field 
(Machial et al. 2012b). In addition, a study by Schroff et al. (2006) found that the spatial 
distribution of weevil attacks in nine lodgepole pine plantations appeared to be randomly 
distributed, rather than aggregated or clumped.
Evidence suggests that when H. warreni does use directed movements to locate host 
trees, that these movements are guided at least partially by visual cues. A recent study 
(Machial et al. 2012a) found that H. warreni is attracted to artificial tree silhouettes in the 
absence of olfactory stimuli, with a preference for full-tree silhouettes over partial ones 
(crown or trunk only), and that blinding the weevils reduced their host-finding ability. There 
was no apparent preference for different colours, although it is uncertain how the weevils 
would perceive the colours used, and if the contrasts would therefore be apparent to them
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(Machial et al. 2012a). For example, most insects appear to be able to see into the UV range 
of the electromagnetic spectrum, and not all have pigments that extend into the longer 
wavelengths (reds) that the human eye can see (Briscoe and Chittka 2001). Further, their 
spectral sensitivity may peak at different wavelengths and pigments may interact in different 
ways (non-additively) than those of the human eye (Briscoe and Chittka 2001). Finally, since
H. warreni is nocturnal, colours may not be as apparent or may appear different under low 
light conditions (Machial et al. 2012a), although some nocturnal insect species, such as 
moths, have been observed to distinguish colours under very low light conditions (Kelber 
and Roth 2006).
Previous studies assessing the role of chemical cues in host location have thus far 
suggested an apparent lack of a chemosensory component. Unpublished data from B.S. 
Lindgren (cited in Duke and Lindgren 2006) suggest that H. warreni is not attracted by either 
a-pinene or ethanol. Further tests subjecting H. warreni to volatiles from host material in the 
lab showed no response (Kishan Sambaraju , pers. comm.). Additionally, Duke and Lindgren 
(2006) found no correlation between overall monoterpene content of lodgepole pine trees on 
attack rates by H. warreni. However, the possibility that H. warreni may use some unknown 
chemical cues in conjunction with visual cues cannot be entirely eliminated. For example, 
research on the pine weevil (Hylobius abietis) suggests that individuals can locate trees by 
either vision or olfactory cues alone, or by both visual and chemical cues, and the addition of 
a chemical attractant strengthens the visual host-finding response (Bjorklund et al. 2005).
Attack rates of H. warreni appear to be higher on taller (Schroff et al. 2006) and 
larger diameter (Cerezke 1994) trees. Cerezke (1994) suggested that this size-attack
2 Research Scientist, Natural Resources Canada, Laurentian Forestry Centre, Quebec, QC
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relationship is a direct result of the larger trees having additional area of healthy bark 
available for oviposition. Hylobius warreni also appears to ascend larger trees more 
frequently than smaller ones (Klingenberg et al. 2010a). It is not clear, however, if the 
weevils preferentially distinguish and locate larger trees when searching, or if they encounter 
trees of all sizes at random and then subsequently select for larger trees during their 
assessment of host suitability.
Insects such as H. warreni may seek out trees for differing reasons, such as food, shelter, 
location of mates, or oviposition, and that these reasons vary depending on both the 
individual’s internal state (e.g. hunger status or degree of sexual maturity) and external 
factors (e.g. weather or presence of predators) (Laing 1937). There is very little knowledge 
regarding the specificity of the weevil’s movement and host location mechanisms, and if they 
more frequently seek out trees indiscriminately simply for shelter, or conversely more 
selectively for use as hosts based on their specific suitability for this function (Machial et al. 
2012b). Thus, it seems necessary to determine to what extent the weevil’s host-location 
behaviour is based on host-specific cues such as differing physical characteristics, or if they 
may tend to seek out or encounter any available trees at random and subsequently reject 
those which are less suitable for host-specific functions on contact. Therefore, the objectives 
of this study were:
1. Determine if individuals of H. warreni are preferentially attracted to specific trees 
while locating new hosts, and, if they are, if this attraction can be linked to specific 
physical characteristics in those trees.
2. Determine if any overall trends in dispersal directions of H. warreni to new hosts can 
be found.
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2.2 Methods
2.2.1 Capture and storage o f specimens
A total of 466 adult H. warreni were captured in lodgepole pine stands in the Prince 
George, British Columbia area during the spring and summer of 2013 and 2014 (181 
individuals in 2013 and 265 individuals in 2014). Weevils were captured using a 
combination of Bjorklund funnel traps (Bjorklund 2009) and manual searching. The funnel 
traps were constructed of a semi-circle of asphalt-saturated kraft paper (Vaporex 400S, 
Building Products of Canada Corporation, LaSalle, Quebec) with one side coated with a strip 
of a fluoropolymer resin (DuPont™ Teflon® PTFE DISP 30) and then wrapped around the 
bole of the trees, as per the procedures outlined in Bjorklund (2009). The trap functions due 
to the adult weevil’s climbing and descending behaviour during the night, as individuals are 
able to climb up the outside of the trap but then cannot climb up the slippery fluoropolymer 
strip once it falls inside. This trap design has been shown to be effective at capturing 
individuals of H. warreni during previous studies (Bjorklund 2009, Klingenberg et al. 2010a, 
Machial et al. 2012a,b). Manual searching involved pulling back the duff layer around the 
base of lodgepole pine trees, and locating weevils hiding either under the duff or on or 
around the root collar of the tree.
In 2013, funnel traps were constructed in six stands both within Prince George city 
limits and at the Prince George Tree Improvement Station (PGTIS) in spring (May-June), 
and one additional PGTIS stand in mid-summer (late July). However, much of the trapping 
efforts in 2013 were low yielding, likely due to a concurrent outbreak of forest tent 
caterpillars (Malacosoma disstria), whose crawling behaviour and silk production appeared 
to interfere with the trap’s functioning. Therefore, the majority of the weevils obtained in
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2013 were captured by manual searching. In 2014, 270 traps were constructed in early spring 
(April-May) at a single stand at the PGTIS, with high rates of trapping success. Thus, most 
of the weevils captured in 2014 were captured by the use of the Bjorklund funnel traps in this 
single stand.
On return to the laboratory, captured insects were sexed according to the procedures 
of Ohm et al. (2008). This is a non-invasive procedure, which involves identification of two 
external characters of the weevils, the presence (male) or absence (female) of a longitudinal 
depression on the first abdominal stemite, and the arrangement of setae on the last abdominal 
stemite, either radial (male), or longitudinal (female). When both characters matched, this 
method was shown to be 97% effective by Ohm et al. (2008), in comparison to identification 
of sex by dissection.
In 2013, weevils were stored at room temperature in the dark in the laboratory at the 
University of Northern British Columbia, while in 2014, they were stored in a low- 
temperature growth chamber (VWR® B.O.D. low temperature incubator) at 6-7 °C and -50- 
60% humidity. Weevils were stored in .95 L plastic food storage containers (Rubbermaid® 
TakeAlongs® Rectangles) with mesh inserts in the lids to allow ventilation. Each container 
held between one and six weevils, with males and females stored separately. Water 
(moistened paper towels) and food (freshly cut lodgepole pine branches) were provided ad 
libitum, with containers checked for food and water requirements at least twice per week.
2.2.2 Tagging and marking o f weevils
Harmonic radar technology was chosen as the method for tracking insects in the field. 
Harmonic radar was first adapted from its original purpose (location of avalanche victims), 
and described for use to track insects by Mascanzoni and Wallin (1986). The system works
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by a hand-held detector emitting a microwave beam (917 MHz), which a transponder 
(Schottky barrier diode attached to a metal wire antennae) attached to the insect passively 
reflects back at twice the frequency (Machial et al. 2012b). Since it is a passive system, the 
transponder does not need an attached energy source like more traditional radio transmitters, 
and thus can be light and small enough to use with insects (Lovei et al. 1997, Reynolds and 
Riley 2002). Harmonic radar has also been shown to yield much higher recapture rates than 
mass capture methods such as pitfall traps or funnel traps, with recapture rates up to 94% 
(Williams et al. 2004, Klingenberg et al. 2010a, Machial et al. 2012b). It also compares 
favourably to mass trapping since it does not interrupt the insect’s movements during the 
study (Charrier et al. 1997, Vinatier et al. 2010).
Harmonic radar transponders were constructed of a 41 mm length X 0.5 mm diameter 
straight copper wire antenna soldered to one pole of a Schottky diode. The antennal length 
was chosen initially based on a previous study with H. warreni, which used a 50 mm antenna 
and found adequate detection distance (1-2 meters) based on the movement rates of the 
species, with apparently minimal effects on movement or behaviour (Machial et al. 2012b). 
After preliminary testing, the antennal length was shortened to 41 mm, or 1/8 of the 917 
MHz wavelength emitted by the detector. Reflection of the antenna should be maximal at 
fractions of the emitted wavelength (O’Neal et al. 2004), and laboratory testing did not 
indicate any decreased detection distance using the shorter 41 mm length (personal 
observation). The transponders were attached to the elytra of the weevils with cyanoacrylate 
glue (Instant Krazy® Glue, gel formula), which provides a strong, durable bond and is 
nontoxic to insects (Boiteau et al. 2009). Weevils were given a unique marking by marking
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the exposed three sides of the diodes of the transponders with metallic pens (Infinity™ 
Metallic Permanent Marker), giving each weevil a unique three-colour code (Figure 2.1).
Figure 2.1. Attachment of transponder to the elytra of an individual of H. warreni, showing 
the three-colour marking system on the diodes. Photo was taken by Staffan Lindgren in 2013.
2.2.3 Study site
All tracking experiments were conducted in a naturally regenerated stand of 
approximately eight years of age at the Prince George Tree Improvement Station (PGTIS)
(53 °46’ N, 122 °43’ W). The stand was primarily lodgepole pine (-90%) of about one to 
two meters in height, with smaller contributions of similarly sized interior hybrid spruce 
(Picea engelmanniixglauca), trembling aspen (Populus tremuloides), paper birch (Betula 
papyrifera), larch (Larix sp.), and willow (Salix spp.) The site had low incidence of previous
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weevil attack, as indicated by external physical characteristics such as leaning trees or red 
needles on branch tips (McCulloch et al. 2009). In addition, the stand had low ground cover 
in order to ensure that weevils could be easily relocated, although there was some ground 
vegetation, including bearberry (Arctostaphylos uva ursi), white Dutch clover (Trifolium 
repens) and various grasses.
Fifteen 5m X 5m plots were established within the PGTIS stand in 2013. The centers 
of the plots were chosen so that the center was in an open area without trees, surrounded on 
most or all sides by trees of differing sizes. For the arrangement of trees and plots within the 
site, see Appendix A. Plots were oriented in North-South and East-West directions, and the 
comers and center marked by plastic tags inserted into the ground (Rapiclip® 15 cm plant 
labels) with surveyor’s flagging tape tied to them. All trees >10 mm diameter at the root 
collar were numbered and marked with plastic survey discs. This size minimum was chosen 
to give a buffer from the 20 mm minimum size required for oviposition of H. warreni based 
on previous literature (McCulloch et al. 2009). Physical parameters of all numbered trees 
were recorded, including species, stem diameter at the root collar, total height, crown 
diameter, and position relative to the plot center taken with a measuring tape and compass 
bearing.
2.2.4 Tracking
A total of 115 weevils were released in nine separate trials: 70 weevils in six trials in 
2013 and 45 weevils in three trials in 2014 (Table 2.1). For each trial, 9-15 weevils were 
released simultaneously in the evening (at about 1900h), each weevil released individually at 
the center of a single plot. Males and females were released alternately when possible. 
Transponders would sometimes become detached before or during transport to the site,
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however, resulting in the release of unequal numbers of males and females, and in turn 
necessitating consecutive releases of weevils of the same sex. Weevils were released oriented 
randomly in N, NE, E, SE, S, SW, W, or NW directions. The weevil was placed so that the 
center marker was immediately to the right and towards the rear of the weevil, when the 
observer was positioned directly behind it and facing in the same direction. Previous studies 
have indicated that other beetle species differ in both direction and rates of movement when 
hungry vs. when fed (Wallin 1991, Wallin and Ekbom 1994, Szyszko et al. 2004). The types 
of changes vary with species, but some species have shown hungry beetles to exhibit directed 
movements toward food, and random movements when satiated (e.g. Wallin 1991). 
Therefore, some initial trials in 2013 were conducted with weevils fasted for 24 hours. 
However, due to high levels of mortality during these initial trials, and the concern that 
fasting of the weevils may have been a contributing factor, later trials in 2013 and all trials in 
2014 were conducted with weevils fed until approximately one hour before release.
Weevils were relocated throughout the trials by use of a hand-held harmonic radar 
detector (RECCO AB, Lidingo, Sweden). When a signal indicating the presence of a nearby 
transponder was found, the operator located the point of the strongest signal, switched off the 
detector, and began a manual search, as per the procedures of Machial et al. (2012b). Once a 
weevil was found, its location was marked with a numbered plastic tag (Rapiclip® 15 cm 
plant labels) placed so the weevil was on the right (as above). Care was taken to minimize 
disturbances to the weevils, but grass or other duff material was carefully moved if 
necessary. If it was not possible to visually locate a weevil without unnecessary disturbance, 
and it did not appear to have moved based on the position of the last tag and the location of 
strongest signal from the harmonic radar detector, it was assumed to be in the same position.
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At the conclusion of each trial, weevils were collected and removed from the study area. 
Weevils were not re-used for subsequent trials. All marked weevil positions were determined 
with a measuring tape and compass bearing, measuring from the position of release (plot 
center) to the weevil's location. Measurements were also taken in the same manner from the 
weevil's location to the nearest tree.
In order to ensure that we were identifying weevils correctly as male or female via 
external characters, the sexes of a total of 50 weevils were determined by dissection. In 2013, 
18 weevils that remained unused at the end of the season were dissected as representatives of 
the population used in experiments. In 2014, 32 weevils, which were recovered from tracking 
experiments, were dissected immediately upon their return to the laboratory. In 2013, 16/18 
weevils were confirmed to have been identified correctly, while in 2014, 30/32 weevils were 
identified correctly, a total accuracy rate of 92%. Therefore, any weevils which were 
unidentified by dissection were classified as male or female via their external characters 
only.
Table 2.1. Host location trials of Hylobius warreni tracked by harmonic radar in a lodgeople 
pine stand in the summers of 2013 and 2014.
Trial Release date 
(DD/MM/YY)
Trial length 
(hours)
Number of 
relocations
Feeding
status
Number of replicates 
Total (M/F)
1 09/07/13 63 7 Fasted 10 (5/5)
2 24/07/13 43 3 Fasted 15 (7/8)
3 29/07/13 88 5 Fed 14 (8/6)
4 06/08/13 40 3 Fasted 9 (5/4)
5 12/08/13 40 3 Fed 10 (4/6)
6 14/08/13 40 3 Fed 12 (7/5)
7 14/05/14 40 3 Fed 15 (8/7)
8 11/06/14 40 3 Fed 15 (5/10)
9 25/06/14 40 3 Fed 15 (7/8)
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2.2.5 Statistical analysis
All analyses were performed using R version 3.0.2 (R Core Team 2013). Unless 
otherwise noted, results are reported as means (± standard errors). For the purposes of 
analysis, each individual weevil released at the center of a plot was considered a replicate. A 
replicate was considered to be successful if the weevil was located alive at least twice after 
its release, and had moved a total distance of more than 30 cm from the plot center. This final 
criterion was established since weevils were often observed simply burrowing down next to 
the plastic tag where they were released, apparently seeking shelter, remained there for the 
duration of the trial, and were usually discovered to be dead at the end of the trial. The 
distance of 30 cm was arbitrarily chosen, but seemed reasonably conservative, since it 
represented less than one third of the distance from the nearest tree to the center in any of the 
plots (98 cm). Any unsuccessful replicates in which the weevil was unable to be located 
more than once, died before it was able to be relocated twice, or moved 30 cm or less were 
excluded from analyses. Due to a high rate of unsuccessful replicates during some of the 
trials, data from all plots and trials were pooled for the analyses.
2.2.5.1 Movement Rates
Movement rates were calculated from all successful trials, excluding the first hour of 
data (to allow for a settling time after handling), and until the second morning of 
observations following release. These data represented two distinct periods of movement: the 
first night (from ~2000h to 1 lOOh the following morning) and the next 24 hours (from 
~1 lOOh to 1 lOOh the next day). Only individuals for which all observations were recorded 
for the given time interval (i.e. no missing data points, losses or deaths) were used.
Movement rates for the first night of observations (move 1) and the second night (move 2)
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were compared by a paired t-test, with each pair representing the movements of a single 
individual. In addition, movement rates combined over both time intervals were compared 
between males and female weevils by Welch’s independent samples t-test.
2.2.5.2 Directionality
Directionality of movement following release was assessed by the compass bearing 
direction that the weevil had moved for its first move of >30 cm. First, overall directions of 
initial movement were assessed by pooling all observations from all trials and plots, and 
comparing to a null hypothesis of random directions by the Rayleigh test. This test compares 
the observed directions of movements of the weevils to a uniform distribution, where there is 
no significant mean direction (Batschelet 1981). Second, direction of the first movement was 
compared to the direction that the weevil was facing on its release, the direction of the largest 
tree in the plot, and the direction of the closest tree to the plot center by separate circular 
correlation tests. The circular correlation test calculates a correlation coefficient similar to 
that of Pearson’s product moment correlation, except that it computes the sine of the 
difference between the observation and the mean instead of only the difference (Agostinelli 
and Lund 2013). For the correlation of the first move direction and the direction of the 
nearest tree, the five observations from plot three were omitted since there were two trees 
equally near to the plot center, which were located in opposing directions. Finally, in all 
replicates where there were two distinct non-zero moves, and in which the weevil changed 
direction between its first and second moves, the total number left and right turns were 
summed and compared to an expected frequency of 50% left and 50% right by a chi-square 
goodness-of-fit test. The Rayleigh test and circular correlation tests were computed using the
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“CircStats” and “circular” packages in R (Lund and Agostinelli 2012, Agostinelli and Lund 
2013).
2.2.5.3 Selection o f trees
Since weevils were often found underneath the crown of trees but not in direct 
contact with the stem, a tree was considered “selected” by a weevil if a weevil was found 
anywhere underneath the crown of the tree. In the cases where weevils selected more than 
one tree during their replicate, only those trees that were selected first were considered. 
Selection of trees was analyzed by a mixed effects logistic regression. The dependent 
variable was a binary variable, representing whether the tree was ever “selected” by weevils, 
or was “not selected”, indicating if a weevil was ever found underneath it in any trial. 
Parameters considered as fixed effect independent variables in the model included “Height” 
(total tree height, from base to tip, used as a measure of tree size), “Distance” (linear distance 
of the tree from the plot center), “Nearest Neighbour” (linear distance from the tree to its 
closest neighbouring tree), and any potential two-way interactions between these parameters. 
The random effect was Plot. Fixed effects parameters were centered around their respective 
means prior to analysis. The best-fit model was selected on the basis of the lowest Akaike’s 
Information Criterion (AIC) value, by a combination of forward addition and backwards 
elimination of both main effects and first order (two-way) interaction effects. Overall 
significance of the fitted model was assessed by a chi-square test, comparing the best-fit 
model with the null model containing only an intercept. The resulting logistic regression 
equation was back-transformed to calculate odds ratios for the coefficients, and 95% 
confidence intervals for odds ratios were estimated by a normal approximation of standard 
errors. The model was fit using the “lme4” package in R (Bates et al. 2014).
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2.3 Results
2.3.1 Tracking success
Fifty-nine of the 115 replicates were considered successful replicates (51%). Of 
those, 52% of the male weevils released resulted in successful replicates, and 51% of the 
females released resulted in successful replicates (Table 2.2). A chi-square goodness-of-fit 
test of the successful replicates showed no difference from an equal likelihood of success for 
each sex (x2(i)=0, N=59, P= 1). Of the 56 replicates which were not successful, 25 were 
unsuccessful because the weevil was lost before it could be relocated twice, 17 died before 
they could be relocated twice, and 14 were unsuccessful only because the weevil did not 
move more than 30 cm total from the plot center. Further, a replicate was sometimes 
considered a failure by more than one criterion. For example, most of the weevils that were 
found dead also did not move more than 30 cm from their point of release. A total of 182 
weevil positions were recorded among the successful replicates in which the weevil was both 
able to be located, and was alive. Of these 182 positions, the weevil had moved from its past 
location by at least 5 cm 132 times, or 73% of the time.
Table 2.2. Total and successful replicates of H. warreni releases during a series of harmonic 
radar tracking experiments during the summers of 2013 and 2014. A replicate was 
considered successful if the weevil was located alive at least twice, and had moved more than 
30 cm from the plot center.
Trial Release date Total replicates Successful replicates
(DD/MM/YY) Male Female Male Female
1 09/07/13 5 5 2 4
2 24/07/13 7 8 1 1
3 29/07/13 8 6 3 2
4 06/08/13 5 4 2 2
5 12/08/13 4 6 3 5
6 14/08/13 7 5 5 2
7 14/05/14 8 7 6 4
8 11/06/14 5 10 2 5
9 25/06/14 7 8 5 5
Total 56 59 29 30
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2.3.2 Movement rates
The average movement observed over the 39 hours of observations (40 hours 
excluding the first hour) was 150 + 20 cm. This represented a movement rate of 3.8 + 0.5 
cm/hour, or 92 + 12 cm/day (24 hour period). The largest movement observed over the 39 
hours was 626 cm by a male weevil in trial 6 of 2013, while the smallest movement was 0 
cm by a male weevil in the same trial (although it was included in the analysis since it had 
moved >30 cm in the first hour). Movement rates (cm/hour) for the first night (first move) 
were significantly larger than those for the second night (second move) (f(40)= 3.88, P <.001, 
Figure 2.2). There was no significant difference between the movement rates of male vs. 
female weevils (t^e.6) = -1.05, P = 0.30, Figure 2.3).
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First move Second move
Figure 2.2. Comparison of movement rates of first and second moves, following a one hour 
settling period, of adult Hylobius warreni in a harmonic radar tracking experiment. The first 
move represented the initial night’s movements (-15 hours in length), while the second move 
represented the next day and night’s movements (-24 hours in length). Differences are 
significant by a paired t-test (fywp 3.88, P <.001). N=41.
Female Male
Sex of weevil
Figure 2.3. Comparison of total distance moved by male and female adult Hylobius warreni 
in 39 hours, following a one hour settling period, in a harmonic radar tracking experiment. 
The movements recorded were the sum of two separate moves, one representing the first 
night’s observations (-15 hours) and the other representing the following day and night’s 
observations (-24 hours). Differences observed were not significant by Welch’s t-test 
(t(36.6) = -1.05, P = 0.30). N= 15 female, 24 male.
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2.3.3 Directionality
The mean direction of the first move >30 cm did not differ significantly from randomness by 
the Rayleigh test (f=0.15, P=0.24, Figure 2.4). In addition, there was no significant 
correlation between the direction of the first move >30 cm and the direction of release 
(r=0.0067, P=0.96, Figure 2.5), the direction of the first move and the largest tree in the plot 
(r=0.14, P=0.25), and the direction of the first move and the closest tree to the plot center 
(r=-0.058, P=0.67). Finally, there was no apparent preference for left or right turns between 
successive moves, as determined by the turn angles between first and second distinct moves, 
as 12/27 weevils turned right while 15/27 weevils turned left (x 2(ij- 0.0186, N=27, P-0.89).
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NS
Figure 2.4. Circular histogram of frequencies of directions individuals of Hylobius warreni 
moved for their first move >30 cm in a series of harmonic radar tracking experiments during 
the summers of 2013 and 2014. Each bar represents 10 degrees of arc. The distribution was 
not found to deviate from randomness by the Rayleigh test (r=0.15, P=0.24). N= 59.
30
360
1 270 
u
w
c_o
3  180
eu
u>o 90
X
X
X
X
X
X
X
X
—1— 
90
X
X
X
X
X
X
X
X
X
X
X
X
180
Release direction (degrees)
270
X
X
X
X
X
X
X
X
X
X
X
360
Figure 2.5. Effect of the direction individuals of Hylobius warreni were facing at release on 
the direction of their first move >30 cm during a series of harmonic radar tracking 
experiments in the summer of 2013 and 2014. N=59, Circular correlation (r=.0067, P=0.96).
2.3.4 Selection o f trees
There were 24 trees in 11 plots that were “selected” and 148 trees that were “not 
selected” by weevils. Of these 24 trees, 19 were selected by only a single weevil, four were 
selected twice, and one was selected three times. The best fit model for the selection of trees 
by weevils contained the fixed effects of height, distance from plot center, nearest neighbour, 
and the interactions of height with distance, and height with nearest neighbour distance, 
along with the random effect of Plot (see Appendix A, Table A.2.1). The overall model was 
significantly different from the null model (x2<5» = 38.65, P<0.001). Odds ratios and 
associated confidence intervals of the resulting model are shown in Table 2.3. This model 
suggested that weevils were more likely to select trees that were closer to the plot center 
(Figure 2.6), taller (Figure 2.7), and that the effect of height increased as trees were located
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further from the plot center (Figure 2.8). In addition, the interaction of height and nearest
neighbour suggested that taller trees were more likely to be selected if they were closer to
their nearest neighbour, but that smaller trees may not show this same trend (Figure 2.9).
Table 2.3. Results of the best-fit mixed effects logistic regression model for Hylobius 
warreni selection of trees from a harmonic radar tracking experiment. Distance= distance of 
tree from the plot center, Height= total tree height, NN= distance from the tree to its nearest 
neighbor tree.
Estimate Std. Error z value P(>lzl) Odds ratio
Upper 
95% Cl
Lower 
95% Cl
Intercept -3.051 0.50 -6.16 <0.001 0.047 0.018 0.125
Distance -0.032 0.0074 -4.28 <0.001 0.97 0.96 0.98
Height 0.020 0.0077 2.59 0.010 1.02 1.00 1.04
NN -0.0023 0.0057 -0.41 0.681 1.00 0.987 1.009
Height*NN -0.00030 0.00013 -2.27 0.023 1.00 0.9994 0.99996
Distance*Height 0.00021 0.00012 1.82 0.069 1.00 1.0000 1.0004
+1 0.4
"S 0.3
<153 154-191 192-225 226-250
Distance from plot center (cm)
251+
Figure 2.6. The effect of distance from plot center on the proportion of trees selected by 
individuals of Hylobius warreni in a lodgepole pine stand during a series of harmonic radar 
tracking experiments in the summer of 2013 and 2014. N=172.
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Height (cm)
145-170 171+
Figure 2.7. The effect of height on the proportion of trees selected by individuals of Hylobius 
warreni in a lodgepole pine stand during a series of harmonic radar tracking experiments in 
the summer of 2013 and 2014. N=172.
+i 0.5
Height (cm)
■ <96
■ 96-155
■ 156+
<181 181-232 
Distance from plot center (cm)
233+
Figure 2.8. The effect of the interaction between tree height and distance from plot center on 
the proportion of trees selected by individuals of Hylobius warreni in a lodgepole pine stand 
during a series of harmonic radar tracking experiments in the summer of 2013 and 2014. 
N=172.
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Figure 2.9. The effect of the interaction between tree height and distance to nearest neighbor 
tree on the proportion of trees selected by individuals of Hylobius warreni in a lodgepole 
pine stand during a series of harmonic radar tracking experiments during the summers of 
2013 and 2014. N=172.
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2.4 Discussion
The rate of tracking success in this study (~51%) was considerably lower than that 
observed in previous studies using harmonic radar to relocate ground-dwelling insects. For 
example, Williams et al. (2004), tracking the Asian longhomed beetle (Anoplophora 
glabripennis) with harmonic radar, achieved a recapture rate of 78% over a 9-14 day period. 
Additionally, Machial et al. (2012b), using harmonic radar to track H. warreni, had a 
relocation rate of 94% over 96 hours. The low relocation and recovery success in this study 
was likely related to the site chosen and the weather, possibly combined with the 
subterranean habits of the species. The site used was selected partially for its low ground 
cover and vegetation, so that the weevils would be easier to locate (see Methods). However, 
H. warreni prefers locations with high humidity and a thick duff layer that they can burrow 
underneath (Warren 1956, Cerezke 1994). This low ground cover thus may have left the 
weevils very exposed to the elements. Given that the majority of the trials, especially in the 
first season, were conducted during a period of unusually hot summer weather, conditions 
may have been too hot and dry for the insects, as many weevils were observed simply 
burrowing into the ground next to their release site. This tendency of the weevils to burrow 
into the ground and under vegetation often caused breakage of the transponders (indicated by 
a number of copper wires found detached from their diodes near previous weevil locations), 
making relocation impossible. In addition, the weevils sometimes buried straight down into 
the ground, leaving the long edge of the antenna pointed directly upwards, which rendered 
the transponders virtually undetectable. It is possible that some weevils were lost to predation 
during the study, although Cerezke (1994) notes that no predators of the adults have been 
observed to date, and personal observations suggest that widespread predation is unlikely due
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to their excellent camouflage, subterranean habits, and primarily nocturnal activity period. 
Although the above-noted previous study of Machial et al. (2012b) tracking H. warreni had a 
much higher relocation rate, this study was conducted in the late summer (late-August to 
early-September), when ambient temperatures were much cooler, and solar intensity was 
lower. Therefore, the weevils in their study were not as likely to burrow into the ground for 
shelter and may have been easier to relocate.
The movement rates observed in my study (<1 m/day) were lower than the -2  m/day 
observed in the previous studies of Cerezke (1994) and Klingenberg et al. (2010a), although 
they were similar to the rates observed by Machial et al. (2012b). The lower rates compared 
to some previous studies may be related partially to the above-mentioned site and 
environmental conditions, as some of the weevils moved very little since they immediately 
burrowed into the ground. Further, it is possible that some of the weevils that were not able 
to be relocated had left the study area, and thus had moved large distances but were not 
recorded. Finally, the spacing of the trees may have been a factor, as prior work suggests that 
the movement rates of the weevils may be related to the average spacing of the trees within 
their environment (Cerezke 1994, also see Chapter 3). The trees in my study were young and 
thus smaller and closer together than the mature trees used in previous studies, possibly 
leading to lower overall movement rates. Movement rates during the trials were observed to 
decline with time, as the first consecutive move was consistently longer than the second 
move by the same weevil (Figure 2.2). This corresponds well with published work on the 
species, as Machial et al. (2012b) and Klingenberg et al. (2010a) also found that H. warreni 
movement rates declined with time after release. This suggests that once the weevils located 
more suitable habitat they tended to remain there, furthering the evidence that the location of
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appropriate habitats, such as host trees and shelter, may be the primary driving force behind 
their movements. This hypothesis is further suggested by the lack of a significant difference 
between male and female movement rates (Figure 2.3), as differences would likely be 
expected if reproduction was a driving factor in movements [e.g. searching males would 
exhibit the majority of the movements, while reproductively mature females would remain 
stationary at suitable oviposition sites, as Williams et al. (2004) observed while tracking A. 
glabripennis]. However, this trend could change in future studies if there were differences in 
seasonality and the reproductive status of the insects used.
The selection of trees by individuals of H. warreni appeared to be primarily 
determined by the distance of the trees to the release point of the weevils, with closer trees 
being more likely to be selected (Figure 2.6), as well as the size (height) of the tree, with 
taller trees being selected more frequently (Figure 2.7). The strong tendency for weevils to 
select closer trees is to be expected if there is not strong selection for characteristics of 
individual trees, and many hosts are similarly suitable. For example, Zimmerman (1979) 
found that bumblebees (Bombus flavifrons), foraging in patches of Polemonium 
foliosissimum flowers, foraged randomly with respect to direction but typically flew to either 
the first or second nearest neighbour flower. This suggests that they were selecting flowers 
based primarily on minimizing flight distances rather than actively selecting for particular 
flower characteristics. The preference of the weevils for larger trees confirms the results of 
previous studies (Cerezke 1994, Schroff et al. 2006, Klingenberg et al. 2010a), and further 
suggests that the weevils may be selecting larger trees at the level of host location, rather 
than locating trees randomly and then subsequently selecting larger trees during their 
assessment of the host’s suitability. This finding is not unexpected, as larger trees represent a
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better host environment for a variety of reasons. Larger trees would provide a more abundant 
food source, more area of available bark tissue for oviposition (Cerezke 1994), and a better 
source of shade and shelter. This last requirement may be especially critical here, as the 
environmental conditions in this study were likely much drier and more exposed than would 
be considered optimal for the species, and insects in higher temperatures or in areas of less 
shade may seek host plants primarily for water requirements due to dessication (Papaj and 
Rausher 1983).
In addition to the primary effects observed, there were several important interaction 
effects that appeared to contribute to the selection of host trees by the weevils. There was a 
positive distance *height interaction, as the preference for taller trees increased as the 
distance increased (Figure 2.8). It is possible that this trend was related to the apparent size 
of the trees, as perceived by the weevils, as tall trees at large distances may appear similar to 
small trees at closer distances. However, it should also be noted that many species of insects 
are able to estimate distances to objects by using methods such as the “peering” behavior 
observed in desert locust nymphs (Schistocerca gregaria), where the insect moves its head 
side to side and estimates distance by relative movements of the distant object (Wallace 
1959), or by visual “looming”, where the size of an object increases against a background as 
the insect moves towards it, such as the looming-sensitive neurons observed in the hawk 
moth Manduca sexta (Wicklein and Strausfeld 2000). Regardless of if the weevils are able to 
estimate distances to the trees they selected, the presence of this first interaction effect 
suggests that they are primarily identifying potential hosts through the use of vision. This 
therefore increases the evidence for a primarily or exclusively visual host location process, 
confirming and extending on the results of Machial et al. (2012a).
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There was also a negative interaction of distance to nearest neighbour tree*height, as 
larger trees were more likely to be selected when they were closer to their nearest neighbour, 
while smaller trees showed no such trend (Figure 2.9). This trend may be explained if 
individuals of H. warreni are possibly more attracted to groups of large trees than to large 
trees in isolation, but that groups of small trees do not have the same effect. Further, it is 
possible that smaller trees are relatively more likely to be selected if they are not next to a 
large tree, as smaller trees may be more apparent to searching weevils if they are in an open 
area rather than adjacent to and hidden by a dominant larger tree.
There were no overall trends in directionality observed for the movements of H. 
warreni, either in overall movement directions, turn directions, or correlations between 
movements and either the closest or largest trees within a given plot. This suggests that it is 
unlikely there are any strong overall trends or cues that dictate the movement directions or 
patterns of the species, e.g. such as those which would be present from celestial or solar cues. 
This pattern is similar to the results observed by Machial et al. (2012b) and Klingenberg 
(2010a), who both found that individuals of H. warreni moved faster non-directionally in 
areas devoid of suitable host trees; and to those of Schroff et al. (2006) who found that the 
spatial distribution of weevil attacks tended to be random rather than clumped. This suggests 
that perhaps individual weevils search randomly for potential host trees prior to perceiving a 
possible host, and then use directional movements to move towards a potential host once it 
has been found. Similar results have been described for other insect species. For example, 
Laing (1937) found that the chalcid Trichogramma evanescens, which primarily parasitizes 
lepidopteran eggs, searches randomly when a host is not yet perceived, but once a possible 
host has been detected, moves towards it using directed movements.
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The lack of directionality observed in overall movements of this species indicates that 
perhaps inter-patch dispersal, between patches of suitable hosts, may be left mostly to chance 
rather than determined by host-specific cues. However, there appears to be no studies that 
directly test this hypothesis, as it seems that all of the studies examining the host-finding 
behaviour of H. warreni, including this one, have focused on finding individual hosts, rather 
than on patches of hosts. Certain ecological phenomena may be specific to the scale they are 
studied at, and may have effects of different magnitudes or even reverse at different scales 
(Wiens 1989). Examples noted by Wiens (1989) include: 1) two bird species may locally 
compete for resources but are positively related at large scales due to similar habitat 
selection, 2) species compositions of a reef community are unpredictable at small, local 
scales but predictable on larger scales, and 3) local scale processes such as decomposition are 
regulated by the species present while at larger scales they are regulated by climate. Further, 
the choice of scale in ecological experiments often does not reflect the scale of the organism, 
but is simply based on convenience or on previous researchers (Wiens 1989). This certainly 
may be the case of H. warreni, as studying host-finding at the scale of individual trees would 
be easier and more convenient than studying the location behaviour between patches of 
potential hosts. However, there is no guarantee that the mechanisms are the same or even 
similar at different scales. For example, certain wood-feeding cerambycid and scolytid 
species were found to be attracted to volatiles from their host trees at large (patch-level) 
scales, but not at small (tree-level) scales (Saint-Germain et al. 2007). This highlights the 
importance of further research in this area, as movements between patches are critical to 
determining the migration of H. warreni into newly replanted patches of lodgepole pine
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(Klingenberg et al. 2010b), which are key to the reforestation process after large-scale 
harvesting or natural disasters.
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3. MOVEMENT RATES AND PATTERNS AND A POPULATION ESTIMATE 
FROM A CAPTURE-MARK-RECAPTURE STUDY OF THE WARREN ROOT 
COLLAR WEEVIL (.HYLOBIUS WARRENI)
3.1 Introduction
Knowledge of insect dispersal mechanisms and patterns is critical to developing a 
complete management plan for pests. For example, the British Columbia Integrated Pest 
Management Act includes the principle that monitoring and knowledge of pest populations is 
critical to a “proactive and preventative approach” to reducing the deleterious effects of 
forest pests in the province, with a concurrent reduction in the use of unnecessary pesticides 
(British Columbia Ministry of Water, Land and Air Protection 2005). In addition, Romero et 
al. (2010) note that knowledge of the movements of insect populations is essential to the 
development of integrated pest management programs, as well as for modeling and 
understanding dispersal. Finally, some basic knowledge of population sizes or abundance is 
often central to many ecological studies (Krebs 1999), and can provide a good starting point 
for management. For example, the establishment of economic thresholds of pest populations 
requires accurate estimates of population sizes (Rieske and Raffa 1990).
An insect species that has received some current attention is the Warren root collar 
weevil, Hylobius warreni (Coleoptera: Curculionidae). Hylobius warreni is a large and long- 
lived weevil, measuring approximately 12-15 mm in length, and living up to 5 years as an 
adult (Wood 1957, Cerezke 1994). Adult weevils are flightless and nocturnal, and utilize 
coniferous trees as hosts for their feeding and reproduction, particularly lodgepole pine 
(Pinus contorta var. latifolia (Cerezke 1994). The adults ascend trees at night to feed on bark 
of host trees, although this adult feeding causes minimal damage to the host (Cerezke 1994). 
However, the females lay their eggs on the roots and root collars of their hosts, where the
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larvae develop as they feed on bark and phloem (Warren 1956, Cerezke 1994). This larval 
feeding can result in girdling and subsequent mortality of young, small trees of less than 
about 30 years of age, or growth reductions for larger trees (Warren 1956, Cerezke 1972, 
1974,1994). Hylobius warreni has historically been a pest of only minor importance across 
North America, including central British Columbia (Cerezke 1994). However, the problem 
has increased in magnitude following the recent mountain pine beetle {Dendroctonus 
ponderosae) epidemic of the region. Reforestation efforts have created monoculture blocks 
of young, susceptible lodgepole pine, weevils remaining in pine beetle-killed blocks have 
become concentrated on remaining pine and adjacent replanted cutblocks (Klingenberg et al. 
2010b), and planted trees have been shown to be more susceptible to the effects of the 
weevils due to their smaller and more deformed roots (Robert and Lindgren 2010).
The movements of H. warreni appear to be predominantly random in overall 
direction (see Chapter 2, also Klingenberg et al. 2010a, Machial et al. 2012b). Further, the 
movement rates of the species may be closely correlated with the distribution of potential 
host trees within its habitat. For example, Cerezke (1994) suggested that the movement rates 
of the insect may be related to the average spacing of trees within its habitat, and 
subsequently found that when weevils were captured on different trees in a stand on 
successive nights, the mean dispersal distance/night closely matched the mean distance 
between trees. In addition, movement rates have been found to be higher in unfavourable 
habitats including habitats with dead trees (Klingenberg et al. 2010a), and in an open field 
(Machial et al. 2012b), than in more favourable forests with suitable live trees. Further, when 
weevils were released and not in contact with appropriate host trees, their movement rates 
tended to decline with time (Klingenberg et al. 2010a, Machial et al. 2012b). This suggests
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that the weevils may move more quickly when there are fewer available suitable hosts and 
many slow down or stop when they have located appropriate hosts or shelter (Machial et al. 
2012b).
Hylobius warreni population sizes have been historically difficult to assess because 
the insect is below- ground much of the time, as well as the difficulties due to the long life 
cycle (Warren 1956, Cerezke 1994). As a result, much of the previous work on population 
sizes and densities has relied on indirect or incomplete indicators of H. warreni numbers, and 
have predominately focused on measuring the number of immature individuals, such as 
Warren’s (1956) Damage Index (D.I.), based on the average percentage of girdling from 
larval feeding scars per tree and Cerezke’s (1970b) method of linearly relating the number of 
current attacks to the number of immature individuals/tree.
The purpose of this analysis is to replicate and extend some of the previous work on
H. warreni movement rates, patterns, and populations, as well as assess a potential method of 
easily estimating populations of adult individuals in the field.
3.2 Methods
Data was taken from a capture-mark-recapture study conducted by Niklas Bjorklund 
in the spring of 2006 during the testing of the newly designed Bjorklund funnel trap 
(Bjorklund 2009). The study site was an artificially regenerated lodgepole pine stand of 
approximately one hectare in size, within the city limits of Prince George, B.C. (53° 55’ N, 
122° 49’ W). Half of the stand (~0.455 ha) was designated as the study area, and x-y 
coordinates of all trees were noted, as well as the diameter, any discoloration of the needles, 
and whether or not the tree was leaning. Bjorklund funnel traps were constructed on all 182 
trees in the study area. The first 100 traps were constructed on May 26th, a further 18 on May
48
27th, 13 on May 28th and the final 51 on May 29th 2006. Traps were checked each morning 
for any captures of H. warreni adults. New captures were given a unique identifier by 
marking them with liquid paper and an individual numeric mark, while recaptures were noted 
but no further markings given. Captured weevils were released immediately at the base of the 
tree where they were caught. The experiment was run for 14 days, ending on June 11th 2006. 
For further details on the experimental methods, see Bjorklund (2009). A preliminary 
analysis of the data, relating tree diameters to capture frequencies of the traps, has also been 
presented by Klingenberg et al. (2010a).
3.3 Statistical Analysis
All analyses were performed using R version 3.0.2 (R Core Team 2013). Unless 
otherwise noted, results are reported as means ± standard errors. Only weevil captures from 
after all traps were in place (May 30th- June 11th) were used, in order to keep consistency 
between capture periods.
3.3.1 Directionality
To determine if individual weevils had a tendency to consistently move in the same 
direction while moving between host trees, mean movement directions were assessed for 
each weevil that was found to move between trees on at least 4 occasions. Positions of the 
current tree and the previous tree where the weevil was captured were compared, to 
determine direction for each distinct movement. Movement directions were compared to null 
hypotheses of random directions of movement by individual Rayleigh tests, one for each 
weevil.
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3.3.2 Movement rates o f weevils and spatial characteristics o f trees
Overall movement rates over the study period were estimated for all weevils that 
were captured more than once. Movement distances were determined directly from the x-y 
coordinates for the trees they were captured at, and measured as the linear distance between 
trees for consecutive captures, or zero if they were captured at the same tree. For each 
weevil, the total distance it was observed to travel over the study period was divided by the 
number of days between its first and last capture to determine its individual movement rate. 
In addition, single-night dispersal distances were estimated for all weevils that were captured 
at different trees on consecutive days. Data from all weevils were then combined to calculate 
descriptive statistics for both overall movement rates and single-night movement distances.
Measures of the spatial characteristics of the stand were based on those presented by 
Cerezke (1994), including both distance to nearest neighbour tree, and the average distance 
between trees. The linear minimum distance to the first nearest neighbour to each tree was 
calculated using the “FNN” package in R (Beygelzimer et al. 2013). The mean distance 
between trees was determined by the calculation of the average linear distance from each tree 
to all of its neighbour trees. Neighbouring trees were identified by using a Dirichlet 
tessellation, a method that involves the construction of polygons, known as “Voronoi 
polygons” around each point in a plane. The polygons are constructed by the placement of 
each side of the polygon at the midpoint between the tree and its nearest neighbour in a given 
direction, thus perpendicularly bisecting the distance between the two points (Maclauchlan 
and Borden 1996). Neighbour trees were considered those that shared a side of their 
respective Voronoi polygons. In addition to identifying neighbour trees, the Dirichlet 
tessellation also gives a measure of the area potentially available (APA) for each tree,
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described as the area of influence of that tree in the site (Maclauchlan and Borden 1996). The 
polygons were constructed using the R package “spatstat” (Baddeley and Turner 2005). The 
window surrounding the tessellation was set as an irregular polygon, approximately +1.4 m 
(or half of the mean distance from each tree to its nearest neighbor) from the approximate 
range of tree positions (Figure 3.1).
Figure 3.1. Voronoi polygons constructed by a Dirichlet tessellation used to determine 
neighbouring trees and the area potentially available (APA) for each tree in a site used for a 
capture-mark-recapture study of H. warreni in 2006. The polygonal window around the 
triangulation was +1.4 m from the approximate range of tree positions, which are represented 
in the figure by circles. Figure was created using the “spatstat” package in R (Baddeley and 
Turner 2005).
3.3.3 Effect o f  physical and spatial characteristics o f trees on total number o f  captures
The effect of individual physical and spatial predictor parameters on the total number 
of captures of each tree was examined by using a best-fit linear regression model. The spatial 
parameters included for consideration were “APA” =area potentially available calculated 
from the Dirichlet tessellation and “Nearest neighbour”= the distance to the first nearest 
neighbour tree, calculated as above for the movement rate data, while physical parameters 
were the binary factors of “Colour”, the colour of the needles (either green or discoloured 
yellow/red) and “Leaning”, whether or not the tree was visibly leaning. The diameter of
\
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each tree was also included, since a previous study using this same mark-recapture data 
(Klingenberg et al. 2010a), showed that tree diameter was positively related to capture 
frequencies. Any potential two-way interactions between terms were also considered. The 
continuous independent variables were centered around their respective means before 
analysis. The dependent variable was the total number of H. warreni captures of the tree, 
summed over the entire sampling period. In order to satisfy the assumptions of normality of 
residuals and homogeneity of variances, the dependent variable (total number of captures) 
was In (x+1) transformed. In addition, the APA data was square root transformed to satisfy 
the assumption of linearity. The best-fit model was selected on the basis of the lowest Akaike 
Information Criterion (AIC) value, beginning with the full model without interactions and by 
a combination of forward addition and backwards subtraction, using the “step” function in R.
3.3.4 Population size and density estimate
The population size and density of adult individuals in the lodgepole pine stand was 
estimated using both the Schnabel method and the Schumacher and Eschmeyer method 
(Krebs 1999). There are several basic assumptions of population estimators that rely on 
capture-mark-recapture techniques. Specifically, these include: a closed population, random 
sampling, and equal catchability of individuals (Krebs 1999). In addition, there should be no 
effect of capture on future rates of capture (Rieske and Raffa 1990), indicating that capture 
frequencies should remain relatively constant over time.
The assumption of a closed population was assumed to be satisfied in this study 
because of the geographical and biological features of the stand, which was enclosed on three 
sides by deciduous forest that would be unfavourable to the weevils, and on the fourth by a 
major four-lane road, which would provide a formidable barrier to the weevils crossing. The
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assumption that the weevils could not cross the road was confirmed by the presence on the 
other side of another plantation of suitable pine, slightly younger than the one in question, 
with no apparent incidence of attack. There may have been some weevil movement between 
the half of the stand that was designated as the study area, and the half that was not, however 
due to the low movement rates of the species (Cerezke 1994, Machial et al. 2012b, Chapter 
2), migration out of the study area over the time period used here should have been minimal.
Previous work had determined that capture efficiencies of the traps did not decline 
over time, by a graphical representation of capture rates vs. days (Fig. 4 in Klingenberg et al. 
2010a). To more formally test this potential relationship, total number of captures on a given 
night was regressed over time (number of days since the beginning of the study, beginning 
with day 1 on May 30th). The regression showed no significant relationship between the 
number of captures and time (R2=0.026, F()ji)=0.2977, P=.60), suggesting that the capture 
efficiencies remained constant for the study period. The assumption of random sampling 
could not be directly tested, since there was no indication if there are adult individuals in the 
population that did not ascend trees at all, however the overall assumptions of the estimators 
were further tested by a plot of the proportion of marked individuals vs. the number 
previously marked, which showed a linear relationship (Appendix B, Figure B.1.1). This 
indicates that the basic assumptions of the methods were adequately met for the purposes of 
population estimation (Krebs 1999). Ninety-five percent confidence intervals were calculated 
for the Schnabel method by a normal approximation, and for the Schumacher and Eschmeyer 
method from the variance of the linear regression (Krebs 1999). Both population intensity 
(weevils/tree) as well as absolute population numbers (weevils/hectare) were calculated (as
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per Cerezke 1994). Population estimates and confidence intervals were calculated using the 
formulas on pages 35-39 of Krebs (1999).
3.4 Results
3.4.1 Directionality
There were 15 different weevils that moved between different trees > 4 times 
throughout the study. None of these weevils were found to have a significant mean direction 
of travel by the Rayleigh tests (Table 3.1).
Table 3.1. Results of the Rayleigh tests for significance of the mean direction of movement 
in a circular distribution for individuals of Hylobius warreni during a capture-mark-recpature 
experiment in a lodgepole pine stand in the spring of 2006.
Weevil # Number of recorded moves f P
20 4 0.37 0.61
23 5 0.17 0.88
27 9 0.22 0.66
32 4 0.36 0.62
34 4 0.50 0.40
41 4 0.40 0.56
57 4 0.07 0.98
77 4 0.63 0.21
94 4 0.11 0.96
99 4 0.07 0.99
125 4 0.07 0.98
134 4 0.32 0.69
137 4 0.47 0.44
143 4 0.47 0.45
149 4 0.80 0.066
3.4.2 Movement rates o f  weevils and spatial characteristics o f trees
The overall average movement rate for all weevils, including days in which the 
weevils did not move, was 3.43 + 0.30 m/day, with a median movement rate slightly slower 
at 2.33 m/day (N=211). The average single-move length between consecutive captures of the 
same weevil at different trees was 14.42 ± 2.16 m, although due to several weevils which
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moved apparently extremely long distances, the median single-move length was much lower 
at 5.07 m (N=70).
When weevils were captured at different trees on consecutive nights, both their mean
and median movement distance corresponded more closely with the mean distance between
trees than with nearest neighbour distances (Table 3.2). In addition, the distribution of the
weevil movements more closely matched the distribution of the mean distance between trees,
when compared with the distance to the nearest neighbour (Figure 3.2).
Table 3.2. Descriptive statistics of single night movement distances of individuals of 
Hylobius warreni, when captured on consecutive mornings at different trees in a lodgepole 
pine stand (“Weevil movement”) to the mean distance between trees (“Mean distance”) and 
the distance to the nearest neighbor tree (“NN distance”) during a capture-mark-recapture 
experiment in the spring of 2006.
Mean distance (m) NN distance (m) Weevil movement (m)
Mean + SE 5.32 + 0.14 2.84 + 0.087 14.42 + 2.16
Median 4.86 2.69 5.07
N 182 182 70
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Figure 3.2. Movement distances per night of Hylobius warreni, when individuals were 
captured on consecutive days at different trees (“Weevil movement”) in a lodgepole pine 
stand, compared to both the mean distances between trees (“Mean distance”) and distance to 
nearest neighbour trees (“NN distance”) within the stand. Data were collected during a 
capture-mark recapture experiment in the spring of 2006.
3.4.3 Effect o f physical and spatial characteristics o f trees on captures
A total of 863 captures were made by all 182 traps (many weevils were trapped more 
than once), although there was a large amount of variation in the capture efficiencies of the 
various traps, with an average capture rate of 4.74 ± 0.30 weevils/trap, and a large standard 
deviation of 4.00 weevils/trap. The largest number of individuals captured by a single trap 
was 16, while 24 traps failed to catch a single weevil.
56
The best-fit model, selected on the basis of AIC value (for model selection process, 
see Appendix B, Table B.2.1), was highly significant (F(8,i73)= 16.36, Pc.001), offered 
reasonable explanatory power (R =.43), and contained a number of parameters and 
interaction effects (Table 3.3). Of those parameters, diameter had a significant positive effect 
(Figure 3.3), while red or yellow discoloured needles (Figure 3.4) had a significant negative 
effect on the total number of captures. There were also significant negative interactions 
between diameter and distance to nearest neighbour (Figure 3.6), as well as diameter and the 
area surrounding each tree (APA) (Figure 3.7), on the total number of captures of each tree.
Table 3.3. Results of the best-fit linear regression equation of spatial and physical parameters 
on the total number of captures of Hylobius warreni individuals of trees in a lodgepole pine 
stand, selected on the basis of AIC value. “Diameter”= diameter of each tree, “APA”= area 
potentially available for each tree, square root transformed, “Nearest Neighbour”= distance 
to nearest neighbour tree, “Colour”= a factor indicating if the needles were discoloured either 
yellow or red, and “Leaning”= a factor indicating if the tree was visibly leaning. The 
dependent variable (number of captures) was ln(x-t-l) transformed.
Parameter Estimate Std. Error t P (>ltl)
(Intercept) 1.54 0.048 31.84 <.001
Diameter 0.23 0.023 9.91 <.001
APA -0.044 0.036 -1.23 0.22
NN -0.028 0.056 -0.51 0.61
Colour -0.62 0.27 -2.31 0.02
Leaning -0.38 0.40 -0.95 0.34
NN*Leaning -0.26 0.18 -1.42 0.16
Diameter* APA -0.037 0.016 -2.30 0.02
Diameter*NN -0.062 0.027 -2.30 0.02
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Figure 3.3. Relationship between the diameter of trees in a lodgepole pine stand, and the total 
number of captures of individuals of Hylobius warreni of each tree over a 12 day period in 
the spring of 2006.
yellow/red
Needle colour
Figure 3.4. Effect of needle colour (either needles green or discoloured red and/or yellow) on 
the total number of captures of individuals of Hylobius warreni in a lodgepole pine stand 
over a 12 day period in the spring of 2006.
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Figure 3.5. Effect of whether or not the tree was visibly leaning on the total number of 
captures of individuals of Hylobius warreni in a lodgepole pine stand over a 12 day period in 
the spring of 2006.
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Figure 3.6. Effect of the interaction of tree diameter and distance to nearest neighbour tree on 
the total number of captures of Hylobius warreni for that tree, in a lodgepole pine stand, over 
a 12 day period in the spring of 2006.
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Figure 3.7. Effect of the interaction of tree diameter and area potential available (APA) on 
the total number of captures of Hylobius warreni for that tree, in a lodgepole pine stand, over 
a 12 day period in the spring of 2006.
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3.4.4 Population size estimate
A total of 341 different weevils were captured, with many individuals captured 
multiple times. The estimated population size estimate obtained from the Schnabel method 
was 363 (95% C.I.= 333-398) weevils, while the estimated population size estimated from 
the Schumacher and Eschmeyer method was 345 (95% C.I.= 336-355) weevils. The 95% 
confidence intervals from both methods therefore contain the actual number of captured and 
marked weevils, and gives a total estimated range of 333-398 weevils. Population intensity 
was therefore estimated between 1.83-2.19 weevils/tree, while absolute population estimates 
ranged between 731-875 weevils/ha.
3.5 Discussion
3.5.1 Directionality
The results of this study did not suggest that individual weevils tended to move in a 
consistent direction when searching for new host trees. This suggests that they were not 
likely using external cues for navigation, and instead were using cues from their environment 
such as tree size and proximity, which would be unique for each movement. However, since 
their movements were interrupted between each move by the traps, the possibility that they 
may move in a consistent direction between several trees in natural conditions cannot be 
eliminated.
3.5.2 Captures o f  weevils
The best-fit linear regression model indicated that the strongest determinant of the 
frequency of weevil captures by individual trees was the stem diameter of that tree. A 
preliminary assessment of the tree diameters and capture frequencies for this same data set
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suggested the same trend (Klingenberg et al. 2010a), so this finding is not unexpected. 
However, it does correspond well with the existing literature on the topic, which has 
suggested that the susceptibility of particular trees to attack appears to be related primarily to 
tree size. For example, Cerezke (1970a) found that stem diameter at stump height (d.s.h.) 
was a stronger predictor of both percentage of both old and current attacks than altitude, duff 
depth, tree density, or average stand age. Further, Cerezke (1994) suggested that weevil 
attack incidence increases with increased tree diameter, while Schroff et al. (2006) and 
Klingenberg et al. (2010b) found that weevil attack rates and frequency of climbing 
behaviour, respectively, increased with increased tree height. Finally, there may be a 
minimum height that weevils will attack, as Cerezke (1994), working in a 3-9 year old stand, 
with tree heights up to three meters, found the weevils did not attack trees of less than about
1.5 m in height.
In addition to diameter, the weevils appeared to avoid trees that had needles 
discoloured either yellow and/or red, indicating that they were dead or dying, likely killed by 
prior weevil attack. This finding is in contrast to the findings of Klingenberg et al. (2010a), 
who found that individuals of H. warreni climbed dead trees as frequently as live trees. 
However, it is uncertain if the weevils were actually able to detect differences in tree health 
in this study, or if the differences in results between the two studies are due to differences in 
methodology, site factors, etc.
There were several significant interaction effects present in the regression model, 
including significant negative interactions between diameter and both nearest neighbour 
distance (Figure 3.6) and area available (APA) (Figure 3.7). These interaction effects appear 
to indicate that there may be a larger difference in total number of captures between the
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smallest and largest trees when they are closer to other trees, and a relatively smaller 
difference between them when they are further from other trees. This suggests that smaller 
trees are even less likely to be selected if they are close to other trees (which would more 
likely be larger than them), and relatively more likely to be selected if they are on their own. 
This is similar to the results seen in Chapter 2, and may increase the evidence that the 
weevils search for trees visually based on their silhouettes (Cerezke 1994, Machial et al. 
2012a).
3.5.3 Movement rates
Mean overall movement rates were estimated around 3.4 m/day. This is slightly 
higher than the approximately 1-2 m/day previously found by Cerezke (1994) and 
Klingenberg et al. (2010a), as well as the <1 m/day found by Machial et al. (2012b) and in 
Chapter 2 of this thesis. However, similar to the results of Cerezke (1994), the average 
movement distance between trees on a single night corresponded more closely to the average 
distance between trees, rather than to the distance to the nearest neighbour tree (Cerezke 
1994). Thus, this finding lends strength to his hypothesis that it is primarily the stand 
characteristics that determines movement rates in this species, not an inherent biological 
limitation. Additional evidence from other insect species supports this hypothesis. For 
example, Schneider (2003) found that when looking at butterfly (Maniola jurtina L.) 
movement rates in different capture-mark-recapture studies, there was a linear relationship 
between the scale (area) used in the study and the mean movement distance, indicating that 
in some cases, movement rates may be a function of the study and site characteristics more 
than that of the species.
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3.5.4 Population estimate
To my knowledge, this is the first study to directly estimate the population of adult 
individuals in a stand, rather than focusing on immature life stages or indirect measures of 
populations. For example, Cerezke (1994) found a range of immatures in a variety of 
lodgepole pine stands between 215-2760 weevils/ha, and 0.047-4.26 weevils/tree. 
Additionally, Cerezke (1970a) provided some indirect estimates of population densities in 
various stands by linearly relating the number of feeding scars to the number of weevils/tree. 
Where weevils were present at all, their abundance ranged from 21 to 631 weevils/acre (52 to 
1559 weevils/hectare). The range of population densities estimated in this study (731-875 
weevils/ha) were within the ranges previously estimated, and suggests that adult individuals 
form a non-negligible portion of the total weevil population. In addition, the range of 
densities estimated, and the observation that the capture rates of the traps did not decline with 
time gives support to the efficacy of the trapping method. Further, the traps appeared to have 
captured the majority of the adult individuals in the stand at least once, suggesting that most 
or all of the individuals in the population are subject to detection by this method. This 
trapping efficacy suggests that the funnel traps might thus be useful as a method of 
monitoring H. warreni populations. The traps are relatively easy to construct and check, and 
do not harm the weevils. Traps placed on a small portion of the trees in the stand may be 
adequate to estimate the entire population size, and monitor it over time. This may be 
especially useful as adult population densities may be a better indicator of long-term 
population trends than immature stages, as they live longer and thus would show much less 
year-to-year variation.
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This study confirms and extends on much of the previous work on movement rates 
and patterns, and population characteristics of H. warreni. This knowledge thus strengthens 
the evidence for previously recommended research and management guidelines, such as 
those suggested by Cerezke (1994), and can therefore aid in the restoration of our forests 
following events such as harvesting, natural disasters, and outbreaks of destructive pest 
species.
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4. HERITABILITY OF LODGEPOLE PINE (PINUS CONTORTA) TERPENE- 
BASED RESISTANCE TO THE MOUNTAIN PINE BEETLE {DENDROCTONUS 
PONDEROSAE) AND THE EFFECT ON FEEDING BY THE WARREN ROOT 
COLLAR WEEVIL {HYLOBIUS WARRENI)
4.1 Introduction
The mountain pine beetle (MPB, Dendroctonus ponderosae, Coleoptera: 
Curculionidae: Scolytinae) is the most destructive pest species to lodgepole pine (Pinus 
contorta var. latifolia) in Western Canada, and has recently undergone the largest outbreak in 
recorded history (Safranyik and Carroll 2006). The MPB, like other species of bark beetles, 
colonize and reproduce within the inner bark of host trees. The first attack on a new potential 
host is initiated by a single pioneer female beetle, which selects a host based on one of two 
alternative hypotheses (Pureswaran et al. 2004). The “random landing hypothesis” suggests 
that the host is located primarily by visual cues and random landings, and then subsequently 
assessed for chemical suitability following landing (Hynum and Berryman 1980, Pureswaran 
et al. 2004, Safranyik and Carroll 2006). Alternatively, the “primary attraction hypothesis” 
states that the host tree is perceived at long-range by attractant and repellent volatiles, which 
the beetle uses to determine the host’s chemical suitability prior to physical contact (Moeck 
and Simmons 1981, Pureswaran et al. 2004). Although the first hypothesis has been 
considered the generally accepted hypothesis within the scientific community (Safranyik and 
Carroll 2006), there is also considerable evidence in favor of the second, as searching beetles 
appear to be able to detect host tree volatiles in flight without visual signals (Moeck and 
Simmons 1991, Campbell and Borden 2006), detect hosts with weakened defenses (Gara et 
al. 1984), and detect and avoid the volatiles of non-host species (Huber et al. 1999, 2000). 
More recently, Saint-Germain et al. (2007) suggested that both hypotheses may be valid 
depending on scale, with the primary attraction hypothesis explaining attraction on larger
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(plot-level) scales, and the random landing hypothesis explaining attraction on smaller (tree- 
level) scales.
Upon entering the bark of potential host trees, pioneer female beetles convert a  - 
pinene in their hindguts to produce tra/u-verbenol. This pheromone, in conjunction with host 
volatiles (especially myrcene and terpinolene), attracts primarily male beetles (Pitman and 
Vite 1969, Conn et al. 1983, Borden et al. 1987, Borden et al. 2008). Arriving males mate 
with females and produce exo-brevicomin, which they carry in their guts. At low 
concentrations, exo-brevicomin, in conjunction with tranj-verbenol and myrcene attracts 
further females (Borden at al. 1987). The attractive response is increased as more beetles 
arrive due to the increased production of defensive myrcene by the host, ultimately leading to 
a mass attack of the host tree (Borden et al. 1987). Concurrent with the mass attack, the 
beetles inoculate the host with associated blue stain fungi (primarily Grosmannia 
(Ophiostoma) clavigera (Robinson & Davidson) Zipfel, de Beer and Wingfield and O. 
montium (Rumbold) von Arx), which they carry with them either in specialized mycangia or 
on their exoskeletons (Safranyik and Carroll 2006). This strategy, when successful, 
ultimately overcomes the tree’s defenses and results in its death.
Conifers protect themselves against threats such as attack by bark beetles by the use 
of both constitutive (present at all times) and induced defenses (produced in response to a 
particular stress stimulus) (Gijzen et al. 1993). Induced defenses may include chemical 
defenses via increased production of secondary metabolites in the oleoresin (Harbome 1999, 
Huber et al. 2005, Wallis et al. 2008), and physical defenses via anatomical changes such as 
formation of traumatic resin ducts (containing defensive resin), and cellular changes in the 
cambium layer (Cerezke 1972, Hudgins et al. 2003, 2004, Huber et al. 2005). There are a
70
variety of secondary metabolites present in lodgepole pine that may contribute to both 
constitutive and induced defense. These include terpenoids, lignin, tannins, and phenolic 
acids (Wallis et al. 2010, 2011). Monoterpenes are usually the most abundant, and act as a 
physical and chemical barrier to seal wounds and are toxic and/or repellant to many pests. 
However, they can also be utilized as attractants for insects to locate or identify suitable hosts 
(Gijzen et al. 1993). Defensive reactions in lodgepole pine and other conifers can be 
artificially induced by the application of methyl jasmonate (MeJa, the volatile derivate of 
jasmonic acid), which has been shown to cause an induced stress response in plants via the 
regulation of gene expression, to reallocate energy from photosynthesis and growth to 
secondary metabolite production (Creelman and Mullet 1997, Hudgins et al. 2003, Huber et 
al. 2004, 2005). Further, this MeJa-induced response has been shown to parallel that of 
mechanical wounding meant to mimic bark beetle attack (Hudgins et al. 2003).
Multiple enantiomers of some lodgepole pine monoterpenes may be present 
simultaneously within a tree, and may produce different effects on attraction or defense 
towards pests such as bark beetles (Hobson et al. 1993, Seybold 1993, Erbilgin and Raffa 
2000). Many bark beetle species, including both Ips and Dendroctonus spp. show 
enantiomeric selectivity to the chirality of their pheromones, and the antipode to the 
appropriate enantiomer may have no effect or a different effect. (Wood et al. 1976, Seybold 
1993). Further, the ability of bark beetles to produce enantiomers or isomers of pheromones 
appears to be influenced by the chirality of the precursor terpenes within their host trees. For 
example, the ability of several species of Ips bark beetles to produce either (+) cis- or (+) 
/ranj-verbenol has been found to be dependent on the chirality of the volatile a-pinene that it 
is exposed to. In the presence of (-) a-pinene, the beetles produce (+) cis-verbenol, which
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acts as the beetle’s biologically active pheromone, while in the presence of (+) a-pinene, the 
beetles produce (+) trans-verbenol (Renwick et al. 1976, Klimetzek and Francke 1980). In 
addition, the western pine beetle Dendroctonus brevicomis appears to oxidize the 
enantiomers of a-pinene into the corresponding enantiomer of trans- verbenol, of which the (- 
) enantiomer is the biologically active compound, and is inhibitory to the attractive response 
of female beetles to other pheromone components (Byers 1983).
Individual lodgepole pine trees vary dramatically in their level of resistance to the 
MPB and its associated blue stain fungi, primarily due to the production of secondary, 
induced resin (Reid et al. 1967). Additionally, the production of defensive secondary 
metabolites within this resin appears to be influenced by genetics (Yanchuk et al. 2008). For 
example, Wallis et al. (2010) found that when clones of lodgepole pine from different 
provenances were grown together, they had differing levels of secondary metabolite 
production, and these affected resistance to several foliar pathogens. Further, Ott et al.
(2 0 1 1 ), looking at the induced terpene production of half-sibling families of lodgepole pine, 
found that differences in production of induced terpenes appeared to be heritable, and that 
there were differences in the heritability of individual terpenes as a result of those defenses. 
High heritability estimates were found for 8-3-carene (.48), limonene (.44), (3-pinene (.37) 
and terpinolene (.29), and lower estimates for myrcene (.16), P-phellandrene (.20), a-pinene 
(.22), and total terpene concentrations (.12). These differences in genetic terpene production 
can lead to certain genetic resistant traits towards the MPB. For example, Raffa and 
Berryman (1982, 1983) found that lodgepole pine trees resistant to the MPB tended to 
produce higher quantities of induced monoterpenes when compared to susceptible trees, but 
quantities of constituent monoterpenes were similar. Additionally, Clark et al. (2010) found
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that lodgepole pines from different geographic locations historically subjected to heavier 
mountain pine beetle pressure may have lower levels of constituent terpenes than those with 
less historical beetle pressure. Finally, Cudmore et al. (2010) found higher beetle 
reproduction in trees in areas with low historical climatic suitability for MPB. This may 
suggest that lower constituent terpene levels could make the trees less apparent to searching 
beetles and may thus effectively hide the trees from detection (Clark et al. 2010). Therefore, 
it could be possible that the most resistant individuals would be those that had the lowest 
levels of constituent defenses, but the strongest induced defenses. Under the severe beetle 
pressure seen in British Columbia in recent years, these trees may be the ones to survive, and 
potentially pass these traits on to their offspring.
This study utilizes lodgepole pine seedlings that are the offspring of mature pine 
subject to selective pressure of the MPB. Since adults only mass attack mature trees, they 
cannot be used here as an indication of the resistance characteristics of the seedlings. 
Therefore, a secondary bark-feeding insect pest is used, the Warren root collar weevil 
(Hylobius warreni, Coleoptera: Curculionidae). Hylobius warreni is also a phytophagous 
pest of lodgepole pine and other conifers in the interior region of British Columbia. The adult 
weevils feed on bark in the upper branches of host trees, while the larvae feed on the bark 
and phloem of the roots and root collar of the tree (Cerezke 1994). This larval feeding can 
cause girdling and mortality for young trees of less than about 30 years of age, and growth 
reductions for older trees (Cerezke 1994).
Hylobius warreni is endemic to British Columbia, and has traditionally existed in low 
densities, causing low-level mortality to young lodgepole pine. However, in recent years, 
replanting of harvested blocks has created monoculture blocks of young pine particularly
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susceptible to the effects of the weevils, due to their young age and thus small size. 
Additionally, planted trees appear to be more susceptible to the effects of the weevils as they 
tend to have smaller and more deformed roots (Robert and Lindgren 2010). Finally, existing 
H. warreni populations have become concentrated on the remaining and replanted trees, due 
to migration from adjacent blocks of dead mature pine killed by the MPB (Klingenberg et al. 
2010). This has created a problem for the newly replanted trees, and for the forest industry 
that relies on them. Therefore, it is important to determine to what extent any genetic 
resistance characteristics towards the mountain pine beetle currently present in lodgepole 
pine population might be heritable, and passed on to their offspring. In addition, it is 
pertinent to determine whether these resistance traits may provide any level of defense 
against H. warreni weevils, which may attack the offspring trees when they are young. 
Finally, defensive mechanisms in lodgepole pine appear to be quite generalized, increasing 
concentrations of most or all terpenes produced (Raffa and Berryman 1982, 1983).
Therefore, heritable defenses that reduce the feeding of H. warreni would mostly likely also 
confer resistance towards future bark beetle attacks as the trees mature. The objectives of this 
study were therefore:
1. Determine if potential genetic traits determining resistance to the mountain pine 
beetle affect the physiology of terpene secondary metabolites produced by offspring 
seedlings.
2. If there is differential production of terpenes in the offspring seedlings, if these 
differences affect the feeding of another bark-feeding insect pest, Hylobius warreni.
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4.2 Methods
The trees used for this experiment were seedling lodgepole pine trees of 
approximately three years of age, grown from seeds collected in the fall of 2011. Cones were 
collected from mature lodgepole pine in four geographic areas with varying levels of 
mountain pine beetle-caused mortality. Cones were collected from 10 live and 10 dead trees 
at each site. For the live trees, cones were collected from both close to the stem (“old cones”, 
for which attempts were made to collect cones that appeared to be at least 7 years of age), 
and near branch tips (“fresh cones”). This procedure was used since lodgepole pine produces 
serotinous cones, which remain unopened until temperatures reach sufficient levels to trigger 
seed release (Lotan 1967). Therefore, the old cones on the live trees should have been 
pollinated prior to the main MPB outbreak and so would be pollinated by the entire 
population of trees, most of which would presumably be less resistant to the MPB (although 
there was no method available to confirm their actual pollination date). However, the live 
maternal tree would likely be resistant, so the fresh cones on the same trees would likely 
have been pollinated after the outbreak, and therefore only by trees that survived the MPB 
outbreak, and thus offspring from both cone types were hypothesized to show resistance 
traits. Finally, cones collected from dead trees would likely have been pollinated by less 
resistant trees from a less resistant maternal tree. Therefore, the cones were collected in a 
manner to maximize potential differences in resistance traits of parental trees among the 
three types of cones collected. For an illustration depicting the seed sources and cone types, 
see Appendix C, Figure C.1.1
On February 20th 2012, 50 seeds from each collected cone were planted in Styrofoam 
G10223 SUPERBLOCK 112/80ML and grown in the I.K. Barber Enhanced Forestry
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Laboratory (EFL) at the University of Northern British Columbia. On July 19th and 20th 
2013, seedlings were re-potted in standard one-gallon black round plastic pots (155mm X 
175mm dimensions) in a mixture of peat: sand at a ratio of 2.675:1. Repotted seedlings were 
grown outdoors until needed for experiments.
4.2.1 Treatment o f  trees
One hundred and fifty trees were selected from the larger population for use in the 
experiment. Seedlings were chosen such that three of the four sites were used, with a total of 
10 families combined (5 from parent dead trees, 5 from live trees). Families were chosen 
based on the germination success of their seedlings in order to achieve sufficient replication. 
Those families that had the most available healthy seedlings were selected, while keeping the 
distribution of families spread across the three sites as evenly as possible (see Table 4.1). 
Within each of the families, there were either one or two cone types present (one for the 
families from dead trees and two from the families from live trees). Ten seedlings from each 
family X cone type were randomly selected, five each randomly designated as “treatment” or 
“control” seedlings. Only those seedlings that were in good health and whose stems were not 
leaning more than 45 degrees were selected.
Two days prior to treatment, all selected trees were moved inside the EFL at UNBC, 
watered thoroughly, and their heights measured. On June 5th, the day of the first treatment, 
control and treatment trees were moved into separate adjacent compartments in the EFL, 
with positions of the trees in 5X7 rows determined randomly, although the positions of the 
control and treatment trees were paired so that each position in its corresponding 
compartment had trees from the same site, cone type and family. Three trees in the control 
group were observed to have black aphids (most likely Cinara sp.) on their newly grown
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leaders. The aphids were removed by spraying them with high- pressure water, and the trees 
marked with flagging tape for further monitoring.
Trees were treated twice, on June 5th and 19th 2014 with either a methyl jasmonate 
(MeJa) solution (treatment group) or control solution (control group). For both treatments, 
trees were not watered for two days prior to and one day after treatment, to allow the 
solutions to absorb into the soil and prevent excessive runoff. Procedures for the treatment 
were adapted from Huber et al. (2005). Solutions were prepared on the same day of 
application, in capped 1 L glass bottles. Solutions were prepared in 1 L of deionized 
autoclaved water, with 1 mL of TWEEN 20 added to both the control and treatment 
solutions. The treatment solutions had a further 100 pL of MeJa added. The treatment 
solutions were stirred until no visible droplets of MeJa remained, about 1 hour. One hundred 
fifty milliliters of the appropriate solution was poured slowly as a drench into the pots of the 
seedlings immediately next to the stem, as prior studies have shown that jasmonic acid- 
induced responses can be transferred between below- and above-ground plant tissues (Huber 
et al. 2005, Feng et al. 2012). The trees were then evenly spaced throughout the middle of the 
compartment, so that there was minimal contact between each tree and its neighbours.
The temperature in both compartments was maintained throughout the experiments at 
the same levels, and set to mimic the seasonal outdoor temperatures of the area: 10 °C at 
300h, increasing to 12 °C at 500h, 15 °C at 700h, and 20 °C at 900h, where it remained for 
10 hours, before decreasing to 15 °C at 1900h and 12 °C at 2100h. Trees were watered as 
needed throughout the experiment, with the exception of the previously noted two days 
before and one day after treatment. Seedlings were checked for visible aphids 5 days per 
week, which were removed either with tweezers or by spraying the branches of the tree with
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high-pressure water. Any trees with aphids found on them were marked with flagging. On 
June 26th, the aphid problem had become out of control, as most or all trees in both 
compartments were observed to have immature aphids and honeydew on their needles. As a 
result, trees were sprayed the following day with insecticidal soap (Safer® Brand). No live 
aphids were found on any trees following this treatment.
Table 4.1. Characteristics of sites and families used for seed collection, planted and grown at 
the I.K. Barber Enhanced Forestry Laboratory at the University of Northern British 
Columbia. The three-year old lodgepole pine seedlings were subsequently used for MeJa 
treatment experiments testing the genetic inheritance of terpene resistance traits to the 
mountain pine beetle, and their effect on the feeding of the Warren root collar weevil.
DBH Height Pine in Live in pine
Site Family UTM Age (cm) (m) Dead population population
McBride 3 5882849
0323803
29 24 7.8 Yes 50% 90%
4 5882847
0323780
35 30 9.7 No 50% 90%
7 5882086
0324725
27 26 9.2 No 80% 70%
Mackenzie 1 6120141
0497204
24 23 1 0 .1 No 25% 95%
3 6120305
0497609
24 25 8.5 Yes 30% 50%
12 6126737
0486445
33 24 15 No 5% 1 0 0 %
Carp Lake 2 6089157
0494399
106 30 21 Yes 41% 3%
11 6072696
0492783
31 18 6.5 Yes 90% 90%
15 6076281
0487849
30 19 4.6 No 40% 1 0 0 %
16 6076281
0488087
40 2 2 1 2 Yes 40% 70%
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4.2.2 Sampling
All trees were sampled on July 14th 2014. Control and treatment trees were paired 
based on family and cone type, and then based on matching heights from the initial (pre­
experiment measurements) as closely as possible. Paired control and treatment trees were 
sampled sequentially so that the treatment tree was sampled, and then its corresponding 
control tree was sampled immediately after. For each seedling, two branches were removed 
from the tree at their base with clippers. The branches chosen were those located highest on 
the stem with at least some fully developed (grey) bark (previous year’s growth), as the 
newest growth was not expected to be suitable feeding material for the H. warreni bioassay. 
One branch was packaged for chemical analysis- the branch was clipped back from the tip to 
approximately 10  cm in length, the needles removed, and then was placed in a pre-labeled 
kraft paper envelope (Staples® #1 coin envelopes, 5.7 cm x 8.9 cm) and immediately onto 
dry ice. The other branch was designated for use in the weevil bioassay and was marked with 
a small paper tag (Staples® marking tags, 28 mm x 19 mm), attached to the branch with a 
small plastic strap (Prowin® multi-purpose ties, 4” UV black standard). Immediately 
following sampling, the samples designated for chemical analysis were packed in dry ice and 
shipped to the B.C. Ministry of Environment Analytical Chemistry Laboratory in Victoria, 
British Columbia. All tree heights were re-measured the day following the sampling 
procedure.
4.2.3 Chemical analysis
Samples were analyzed by the British Columbia Ministry of Forests and Range 
laboratory. Woody tissue samples were processed using gas chromatographic - flame 
ionization detection analyses, and compounds identified by matching retention times with
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those of synthetic standards. Frozen (-80 °C) samples were ground in liquid nitrogen, and 
then extracted in 4 mL of hexane (with 250 ppm pentadecane as an internal standard) for 48 
h. Samples were then inverted and allowed to settle for 24 h. Following this, 0.5 mL of 
solution was transferred to a 2 mL autosampler vial for gas chromatographic analysis using a 
PerkinElmer Clarus580 (PerkinElmer, Waltham, Massachusetts) with built-in autosampler, 
fitted with an ZB-WAXplus (Phenomenex, 30 m, 0.25 mm i.d., 0.25 pm film). The injection 
was split (16 mL/min, approximately 12:1; injector temperature 230 °C). The carrier gas 
utilized was Helium (pressure 14.5 psi, 1.35 mL/min at 60 °C). The oven temperature was 
held at 60 °C for 1 min, increased at a rate of 3.0 °C/min to 85 °C, then increased at a rate of 
8.0 °C/min to 170 °C. Finally, the temperature was increased by 20.0 °C/min to 250 °C and 
held for 12 min. At the time of the extraction a separate portion of the fresh woody tissue 
was weighed and then oven-dried at 70 °C overnight to remove residual moisture. The dry 
mass was obtained to determine a moisture correction, which was applied to the results.
The ground and frozen samples were then extracted in 4 mL of methanol (with 250 
ppm pentadecane as an internal standard) for 48 h. Samples were inverted and allowed to 
settle for 24 h. Next, 0.5 mL of solution was transferred to a 2 mL autosampler vial for gas 
chromatographic analysis using a PerkinElmer Clarus580 (PerkinElmer, Waltham, 
Massachusetts) with built-in autosampler, fitted with an ZB-5msi (Phenomenex, 30 m, 0.25 
mm i.d., 0.25 pm film). The injection was split (23 mL/min, approximately 20:1; injector 
temperature 230 °C). The carrier gas utilized was helium (pressure 14.5 psi, 1.35 mL/min at 
60 °C). The oven temperature was held at 60 °C for 1 min, increased at a rate of 3.0 °C/min 
to 85 °C, then increased at a rate of 8.0 °C/min to 170 °C. Finally, the temperature was
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increased by 20.0 °C/min to 250 °C and held for 12.0 min. Original moisture factor analysis 
was used.
A total of approximately 33 terpenes were separated using this method. Limonene 
and P-phellandrene were found to be co-eluting on the ZB-5 column (methanol extraction), 
so the data from the hexane extraction was used in the analysis for these two compounds.
The data from the methanol extraction was used for the analysis of all other separated 
compounds. In addition, fenchone and terpinolene were not able to be differentiated by these 
methods, and so their concentrations are reported together, as “fenchone & terpinolene”.
4.2.4 Chirality o f  terpenes
A subsample of 45 of the original 150 samples was used for the analysis of chirality 
for five of the analyzed terpenes: P-pinene, a-pinene, camphene, limonene, and sabinene.
The subsample was selected so that there were 15 samples of each cone type. Within each 
cone type, the samples selected were chosen randomly.
Samples were again analyzed by the British Columbia Ministry of Forests and Range 
laboratory, using the previously obtained methanol extracts, as they showed a higher 
extraction efficiency than the hexane extracts. Samples were processed using gas 
chromatographic- mass spectrometer detection analyses, in order to identify compounds by 
matching their retention time and mass spectrum with those of synthetic standards. 
Approximately 0.5 ml of extract was placed in a 2 ml autosampler vial, and then analyzed on 
a Clarus 500 GC with a Claus 560 S mass spectrometer, with built in autosampler, fitted with 
a Cylcodex-B (Agilent, 30M, 0.25 mm id, 0.25 pm film). The injection was split (20 
mL/min, approximately 10.3:1; injector temperature 250 °C). Helium was utilized as the
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carrier gas (pressure 17 psi). The oven temperature was held at 75 °C for 15 min, increased at 
a rate of 20.0 °C/min to 230 °C, then held for 15 min.
4.2.5 Weevil bioassay
Adult H. warreni individuals were collected for the bioassay prior to the treatment 
and sampling of the trees, from May 2nd - June 17th 2014. A total of 265 individuals were 
captured, using a combination of Bjorklund funnel traps (Bjdrklund 2009) and manual 
searching in and around the Prince George, British Columbia area (for further details see 
Chapter 2). Branches from the sampled trees were cut to 10 cm in length, except in several 
cases where the sampled branch was of insufficient length, and then paired branches were cut 
to the same length, and the difference noted. Diameter of the branch was measured using 
calipers, averaging three measurements along its length.
The bioassay commenced in the afternoon of July 14th, immediately following the 
sampling of the seedlings. Bioassay containers were .95 L rectangular plastic food containers 
(Rubbermaid® TakeAlongs® Rectangles). Each container included one branch each from the 
paired trees (treatment vs. control, from the same site, family, cone type, and closest in pre­
experiment height). The branches were placed perpendicular to the long side of the container, 
with a piece of moistened paper towel between them in the center of the container. The 
positions (front vs. back of the bench) of the treatment vs. control branches were assigned 
randomly. A single adult H. warreni individual, fasted for 48 hours prior, was placed in the 
center of the container, midway between and perpendicular to both branches, randomly 
facing left or right (see Figure 4.1). Approximately equal numbers of male and female 
weevils were used within each family, and the sex for each container was assigned randomly. 
Once all the weevils were placed in their respective containers, the containers were stacked
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in 10 groups and moved to a darkened room. Weevils were allowed to feed for 4 days, until 
the morning of July 18th. Weevils were provided with fresh water midway through the 
bioassay, by the application of a small amount of water to the paper towels in the containers, 
but were otherwise undisturbed.
On completion of the bioassay, all weevils were immediately removed from their 
containers. The total bark area eaten of each branch was estimated using a millimetric grid, 
using the mean measurement from the independent assessments of two observers. In 
addition, all weevils were dissected to determine the accuracy of the sex identification.
Figure 4.1. Example of a bioassay container, showing the arrangement of the labeled 
lodgepole pine branches, and the placement of the single individual of Hylobius warreni.
4.2.6 Statistical analysis
All analyses were conducted in R version 3.0.2 (R Core Team 2013). All mixed 
effects ANOVA and ANCOVA models were fit using the “lme4” package (Bates et al. 
2014), while the linear regression models fit using the “nlme” package (Pinheiro et al. 2013).
All ANOVAs and ANCOVAs were calculated using Type III (marginal) Sum of Squares, 
and contrasts between cone types, where overall effects were significant (a=.05), were 
compared by least-squares mean differences using the “ImerTest” package (Kuznetsova et al. 
2014).
4.2.6.1 Chemical composition o f seedlings
Mixed effect analyses of variance (ANOVAs) were used to determine if there was an 
effect of the tree seed source and the treatment on the concentration of each analyzed 
terpene, as well as the sum of the total terpenes, in the seedling woody tissue. Each analyzed 
terpene was considered as the dependent variable in an independent ANOVA. Fixed effects 
were “cone type” (trees grown from cones of dead trees, old cones on live trees or fresh 
cones on live trees), “treatment type” (MeJa treatment or control), and the potential two-way 
interaction between cone type and treatment type. The random effects were “site” (location 
of seed source) and “family” (maternal tree of seed source). The assumptions of 
homoscedasticity and normality of the residuals were assessed by plots of residuals. The 
dependent variables for all models were subsequently In (x+1) transformed.
To further visually determine if the trees grown from different cone types could be 
separated based on their terpene profiles, a linear discriminant analysis was performed. 
Seedlings were grouped and analyzed separately for different sites and treatment types. 
Concentrations of all analyzed terpenes were used as the explanatory variables, while cone 
type was the pre-determined grouping variable. To satisfy the assumption of normality of the 
explanatory variables, all terpene concentrations were In (x+1) transformed before analysis. 
The linear discriminant analysis was performed using the R “MASS” package (Venables and 
Ripley 2002).
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Finally, Spearman’s rank correlation coefficients were calculated between the 
analyzed terpenes, with seedlings grouped by cone type of seed source and treatment type 
and correlations determined separately for each group, in order to determine the degree of 
relatedness of their production within the seedlings.
4.1.6.2 Chiral terpene analysis
To determine if there was a difference in the proportion of (+) and (-) enantiomers of 
P-pinene, a-pinene, camphene, limonene, and sabinene, mixed effects ANOVAs were used. 
The factors used were the same as those for the above terpene anovas: fixed factors of cone 
type, treatment type, and the interaction between cone type and treatment type, as well as 
random factors for site and family. The response variable was the proportion of the (+) 
enantiomer for each sample, and was In (x) transformed prior to analysis.
4.2.6.3 Growth rates o f seedlings
The growth of the seedlings over the course of the experiments was analyzed by 
using mixed effects Analysis of Covariance (ANCOVA). The dependent variable was the 
total height growth (cm) of the seedlings during the experiment. Fixed factors were those that 
were considered for the terpene ANOVAs: cone type, treatment type, and the interaction 
between cone type and treatment type. In addition, a covariate for initial height of the 
seedling was included. The random effects were site and family. No transformation was 
required to satisfy the assumptions of the test, based on residual plots.
To directly assess if there appeared to be a tradeoff between terpene production and 
growth rates, a Pearson’s product-moment correlation test was used to determine if there was 
a significant relationship between the concentration of total terpenes produced and the total 
height growth of each seedling.
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4.2.6.4 Weevil bioassay
To determine if there were differences in the weevil feeding rates, based on the 
categorical predictor variables, a mixed effects ANCOVA was used. The dependent variable 
was the total bark area (mm2) eaten by the weevil on each branch. Fixed effects were again 
the same as those considered for the terpene ANOVAs: cone type, treatment type, and their 
potential interaction. Additional factors for the sex of the weevil and “surface area” (a 
covariate for the total available surface area of bark area of each branch, calculated from the 
diameter and length measurements of the branches used) were also included. The random 
effects were site, family and “container” (a factor for each bioassay container, containing 
paired treatment and control branches and a single weevil). The dependent variable was 
square root transformed to meet the assumptions of homoscedasticity and normality of 
residuals, based on visual inspection of residual plots.
To determine if there were associations between the concentrations of individual 
terpenes in the branches, and the amount of weevil feeding on those branches, individual 
mixed effects linear regressions were conducted. For each regression, the dependent variable 
was the total area of bark tissue eaten on each branch. The independent variable of interest 
was the appropriate terpene concentration in that same branch. Additional fixed factors 
included as covariates were the sex of the weevil and available surface area of the branch. 
The random factor in each case was the bioassay container. In each case, the dependent 
variable was square root transformed to meet the assumptions of linearity and 
homoscedasticity of residuals based on visual assessment of residual plots.
Finally, to determine which of the measured predictors best determined the feeding 
rates of the weevils, a mixed effects linear regression model was fit. The dependent variable
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was again the total area of bark tissue eaten on each branch, square root transformed. Fixed 
effects considered were cone type, treatment type, the potential cone type*treatment type 
interaction, as well as the concentrations of any of the terpenes that were significant by the 
individual linear regressions. Additional factors for sex of the weevil, and available surface 
area of the branch were also considered. The random effects were site of seed source, family 
of seed source and bioassay container. The best fit model was selected by the lowest 
Akaike’s Information Criterion (AIC) value, by the process of backwards elimination, using 
the “stepAIC” function in the “MASS” package in R (Venables and Ripley 2002).
4.3 Results
4.3.1 Chemical composition o f seedlings
Ten terpenes (P-phellandrene, p-pinene, 6-3-carene, a-pinene, camphene, myrcene, r- 
limonene, sabinene, a-phellandrene, and fenchone & terpinolene) were predominant in the 
lodgepole pine seedling woody tissue, with mean concentrations of >150 ppm, each 
accounting for at least 1 % of the total terpenes. A further thirteen terpenes (ocimene, bomyl 
acetate, geranyl acetate, linalool, a-terpinene, p-cymene, P-thujone, P-caryophylene, y- 
terpinene, a-thujone, a-thujene, citronellal, and bomeol) were found in moderate 
concentrations, with mean concentrations of > 1 0  ppm, and each representing >0 .1% of the 
total. A final seven terpenes (citronellol, cintronellyl acetate, terpineol, geraniol, camphor, a- 
humulene, and pulegone) were found in trace amounts only, each representing < 0 .1% of the 
total. For further details on the terpene concentrations, see Table 4.2.
There were significant differences in the production of ten different terpenes between 
seedlings grown from seeds of different maternal cone types. These were myrcene (F(2 ,144) 
=4.68, P=.01), sabinene ( F 2 .143.5 p 8 .OO, P<.001), fenchone & terpinolene (F (2 ,i4 3 .7p 5 .2 1 ,
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P=.007), ocimene (F(2,i9.2)=5.79, P=.01), a-terpinene (Ff2,32)=4-50, P=.02), p-cymene 
(F(2,ii6.3)=4 .9 4 , P=.009), a-thujene (F(2,i4i.5)=9.80, P<.001), citronellol (F{2,30.7) =3.67,
P=.04), gerianol (F(2,i44) =3.80, P=.02), and camphor (F(2,34.2)=6.44, P=.004). In addition, r- 
limonene (F(2,i34) =2.85, P=.06), citronellal (F(2,i8.i) =3.01, P=.07), and bomeol (F(2,i9.4) 
=3.46, P=.052) showed possible but non-significant trends in concentration based on cone 
type of seed source. Finally, the total concentration of analyzed terpenes (F(2,2o.4)=l -41, 
P=.27) was not significantly different for the seedlings grown from the different cone types.
For most of the terpenes that were present in moderate to high concentrations in the 
seedlings, contrasts of the different cone types showed a similar general trend. The lowest 
terpene concentrations were those in the woody tissue of the seedlings grown from cones on 
dead trees, moderate amounts from those grown from old cones on live trees, and the highest 
amounts in the seedlings grown from fresh cones on live trees. There were some differences, 
however, in the significance of the pairs of contrasts. For four of the terpenes (myrcene, 
sabinene, fenchone & terpinolene, and ocimene), there were significant differences between 
the seedlings grown from dead trees compared to live trees, but no significant differences 
between the old and fresh cones on the live trees (Figure 4.2A-D). One additional terpene (p- 
cymene) showed differences between the cones from dead trees and fresh cones from live 
trees, while the old cones from live trees were intermediate in concentrations and not 
significantly different from either (Figure 4.2F,H). Finally, a single terpene (a-terpinene) was 
found in higher concentrations in the seedlings grown from the fresh cones compared to 
either those grown from old cones or dead trees, which were not significantly different from 
one another (Figure 4.2E).
The terpenes found in trace amounts in the seedlings, generally showed a different 
trend. The seedlings grown from old cones of live trees generally showed the highest 
concentrations, while those grown from cones from dead trees and those grown from fresh 
cones on live trees were generally similar and lower. For three of the terpenes (citronellol, 
geraniol, and camphor), the concentrations in seedlings grown from old cones were 
significantly higher than either those from the dead trees or the new cones (Figure 4.21-K). In 
addition, a  -thujene followed this same trend, although it was present in slightly greater 
quantities than the rest of the trace terpenes (Table 4.2, Figure 4.2G).
Comparisons of MeJa treated seedlings with control seedlings showed significant 
differences for only two terpenes. There were significantly higher levels of ocimene 
(F(i,i36.2)=4.25, P=.04, Figure 4.3A), and lower levels of linalool (F(i,i42)=4.05, P=.046, 
Figure 4.3B) for MeJa treated seedlings compared to control seedlings. There was no 
significant differences between the concentrations of total measured terpenes in treatment 
seedlings and compared to control seedlings (F(i,i35.9)=2.52, P=.l 1, Figure 4.3C), and there 
were no significant interaction effects between cone type and treatment type for any of the 
measured terpenes.
The significance tests of the random effects (Table 4.4) suggested a significant effect 
of site of seed source for fenchone & terpinolene (x (i)=5.23, P=.02), and a possible but non- 
significant trend between sites of seed source for P-thujone (x <i)=3.56, P=.06). In addition, 
there were significant overall effects of family of seed source for p-pinene (x2<i)=5.98, 
P=.01), 8-3-carene (x2(d=6.01, P=.01), a-pinene (x2(d=4.89, P=.03), ocimene (x2(o=14.00, 
P<.001), geranyl acetate (x2(i)=2.33, P= 005), P-caryophylene (x2(i)=4 .4 3 , P=.04), citronellal
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(X2(i)=6.57, P=.01), terpineol (x2(],=4.25, P=,04), a-humulene (x2(d=20.70, P<.001) and 
total terpene concentrations (x2(i)=7.17, P=.007).
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Table 4.2. Descriptive statistics of concentrations of analyzed terpenes in lodgepole pine 
woody tissue. N=150.
Terpene Mean concentration 
(ppm)
Standard Error 
(ppm)
Mean %
P-Phellandrene 4694 179 37.3
P-Pinene 3399 229 27.0
5-3-Carene 1072 63 8.52
a-Pinene 1 0 1 0 50 8 .0 2
Camphene 526 14 4.18
Myrcene 329 14 2.62
r-Limonene 301 24 2.39
Sabinene 261 27 2.07
a-Phellandrene 2 0 1 19 1.60
Fenchone & Terpinolene 157 15 1.25
Ocimene 113 16 0.90
Bomyl acetate 91 5 0.72
Geranyl acetate 78 10 0.62
Linalool 52 2 0.42
P-Thujone 42 11 0.33
a-Terpinene 40 5 0.32
p-Cymene 40 3 0.32
y-Terpinene 35 1 0.28
P-Caryophylene 35 7 0.28
a-Thujone 32 9 0.26
a-Thujene 21 5 0.16
Citronellal 15 4 0 .1 2
Bomeol 14 1 0 .1 1
Citronellol 9 2 0.07
Citronellyl acetate 8 1 0.06
Terpineol 4 1 0.04
Geraniol 2 0.7 0 .0 1
Camphor 2 0 .6 0 .0 1
a-Humulene 1 0.7 0 .0 1
Pulegone 1 0.3 0.004
2-Carene 0 0 0 .0 0
1,8-Cineol 0 0 0 .0 0
Citronellene 0 0 0 .0 0
Total 12584 719 1 0 0
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Table 4.3. Results of the mixed-model ANOVAs for the effect of MeJa treatment and 
conetype of maternal seed source on terpene production in woody tissue of lodgepole pine 
seedlings. Random effects were site and family. DF= degrees of freedom (numerator, 
denominator).
Terpene Conetype Treatment Conetype *T reatment
df F P df F P df F P
P-Phellandrene 2,144 0.30 0.74 1,144 2.33 0.13 2,144 1.15 0.32
P-Pinene 2,19.6 1.15 0.34 1,136.4 1.00 0.32 2,136.4 0.51 0.60
5-3-Carene 2,29.4 0.24 0.79 1,137 0.19 0.66 2,137 0.97 0.38
a-Pinene 2,20.6 1.26 0.30 1,135.2 0.44 0.51 2,135.2 0.03 0.97
Camphene 2,28.4 1.60 0.22 1,134.8 0.00 0.99 2,134.8 0.38 0.69
Myrcene 2,144 4.68 0.01 1,144 0.05 0.83 2,144 0.16 0.85
r-Limonene 2,134 2.85 0.06 1,142 0.72 0.40 1,142 1.18 0.31
Sabinene 2,143.5 8.00 <0.001 1,142 0.02 0.89 2,142 0.49 0.61
a-Phellandrene 2,30.6 0.93 0.41 1,135.4 0.09 0.76 2,135.4 0.63 0.54
Fenchone & Terpinolene 2,143.7 5.21 0.007 1,142 0.00 0.97 2,142 2.06 0.13
Ocimene 2,19.2 5.79 0.01 1,136.2 4.25 0.04 2,136.2 0.51 0.60
Bomyl acetate 2,32.5 0.64 0.53 1,136.3 0.18 0.67 2,136.3 0.12 0.89
Geranyl acetate 2,17.3 1.77 0.20 1,136.3 1.28 0.26 2,136.3 0.97 0.38
Linalool 2,126.8 0.99 0.37 1,142 4.05 0.046 2,142 0.02 0.98
P-Thujone 2,143.6 1.72 0.18 1,142 0.39 0.53 2,142 0.11 0.89
a-Terpinene 2,32 4.50 0.02 1,136.1 0.17 0.68 2,136.1 0.11 0.90
p-Cymene 2,116.3 4.94 0.009 1,142.2 0.41 0.52 2,142.2 0.25 0.78
y-Terpinene 2,40.3 0.03 0.97 1,138.1 0.93 0.34 2,138.1 0.08 0.93
P-Caryophylene 2,24.6 0.62 0.55 1,136.1 0.51 0.48 2,136.1 1.15 0.32
a-Thujone 2,120.9 0.01 0.99 1,141,8 0.05 0.82 2,141,8 0.02 0.98
a-Thujene 2,141.5 9.80 <0.001 1,142 1.13 0.29 2,142 0.14 0.87
Citronellal 2,18.1 3.01 0.07 1,135.9 0.44 0.51 2,135.9 2.06 0.13
Bomeol 2,19.4 3.46 0.052 1,130.5 0.01 0.92 2,130.5 0.10 0.91
Citronellol 2,30.7 3.67 0.04 1,135.9 0.28 0.59 2,135.9 1.66 0.19
Citronellyl acetate 2,36.8 1.76 0.19 1,137.2 2.08 0.15 2,137.2 0.05 0.95
Terpineol 2,22.9 1.08 0.36 1,137.3 1.77 0.19 2,137.3 0.14 0.87
Geraniol 2,144 3.80 0.02 1,144 0.00 0.99 2,144 0.30 0.74
Camphor 2,34.2 6.44 0.004 1,137.2 0.38 0.54 2,137.2 0.22 0.80
a-Humulene 2,14.2 0.33 0.73 1,135.3 1.04 0.31 2,135.3 0.05 0.95
Pulegone 2,128.4 1.88 0.16 1,142.1 0.00 0.97 2,142.1 0.00 1.00
Total 2,20.4 1.41 0.27 1,135.9 2.52 0.11 2,135.9 0.48 0.62
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Table 4.4. Significance tests of the random effects (Site and Family) from the mixed-model 
ANOVAs for the effect of MeJa treatment and conetype of maternal seed source on terpene 
production in woody tissue of lodgepole pine seedlings.
Terpene Site
X2( i) P
Family
X2m P
P-Phellandrene 0 .0 0 1 .0 0 0 .0 0 1 .0 0
P-Pinene 1 .11 0.29 5.98 0.01
5-3-Carene 0 .0 0 1 .0 0 6.01 0.01
a-Pinene 0 .0 1 0.94 4.89 0.03
Camphene 0 .0 0 1 .0 0 1.50 0 .2 0
Myrcene 0 .0 0 1 .0 0 0 .0 0 1 .0 0
r-Limonene 0.73 0.40 0 .0 0 1 .0 0
Sabinene 1.61 0 .2 0 0 .0 0 1 .0 0
a-Phellandrene 1 .1 2 0.30 0 .0 0 1 .0 0
Fenchone & Terpinolene 5.23 0.02 0 .0 0 1 .0 0
Ocimene 0 .0 0 1 .0 0 14.00 <0.001
Bomyl acetate 0 .0 0 1 .0 0 2.33 0 .1 0
Geranyl acetate 0 .6 6 0.42 7.78 0.005
Linalool 0.29 0.60 0 .0 0 1 .0 0
P-Thujone 3.56 0.06 0 .0 0 1 .0 0
a-Terpinene 0.19 0.70 0.53 0.50
p-Cymene 0 .1 0 0.80 0 .0 0 1 .0 0
y-Terpinene 0 .0 0 1 .0 0 0.50 0.50
P-Caryophylene 0 .0 0 1 .0 0 4.43 0.04
a-Thujone 0 .2 0 0.70 0 .0 0 1 .0 0
a-Thujene 1.58 0 .2 0 0 .0 0 1 .0 0
Citronellal 0.03 0 .8 6 6.57 0.01
Bomeol 0 .0 0 1 .0 0 0.16 0.70
Citronellol 0 .0 0 1 .0 0 0 .2 1 0.60
Citronellyl acetate 0 .0 0 1 .0 0 1.97 0 .2 0
Terpineol 1.14 0.29 4.25 0.04
Geraniol 0 .0 0 1 .0 0 0 .0 0 1 .0 0
Camphor 0 .0 1 0.90 1.50 0 .2 0
a-Humulene 0 .0 0 1 .0 0 20.70 <0.001
Pulegone 0.41 0.50 0 .0 0 1 .0 0
Total 0 .0 0 1 .0 0 7.17 0.007
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Figure 4.3. Terpene concentrations of lodgepole pine seedlings, comparing treatment trees, 
treated with a MeJa solution, and control trees. The differences in ocimene and linalool 
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The Spearman’s rank correlations between the concentrations of the measured 
terpenes in the seedlings showed a number of significant moderate-strong correlations. For 
the full correlation tables, see Appendix C, Table C.2.1. Myrcene, camphene, and a- 
phellandrene were all moderately-strongly positively correlated with one another, with 
correlation coefficients > 0.60 for all contrasts within all cone types of seed source and 
treatments. For these three terpenes, maximum pairwise correlation coefficients were .91 for 
myrcene-camphene (old cones, control), .92 for myrcene- a-phellandrene (dead cones, 
control) and .95 for camphene- a-phellandrene (dead cones, control). Other notable strong 
positive correlations were fenchone & terpinolene with sabinene (r ranging from .55 to .82), 
and a-pinene and P-pinene (r ranging from .60 to .81), both of which were significantly 
correlated for seedlings grown from all cone types and treatment types. Although the 
majority of the correlations between terpene concentrations were positive, there were a few 
significant negative significant correlations observed. The highest of these negative 
correlations was between linalool and P-caryophylene among the seedlings grown from fresh 
cones in the control group (r=-.56). Additional notable negative correlations found amongst 
the seedlings grown from old cones were P-pinene with bomeol (r=-.53) and linalool with 
geraniol (r=-.55) in the treatment group, as well as p-caryophylene with a-thujene (r=-.52) in 
the control group. All other negative correlations were weaker, with lrl<0.50.
A comparison of the terpene correlations between the different groups of seedlings 
based on cone type of seed source and treatment type suggested that there may be some 
general trends in the degree of relatedness between the terpenes. For both the seedlings 
grown from fresh cones from live trees and from dead trees, there were a significantly larger 
number of significant correlations for the control seedlings than for the treatment seedlings
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(fresh cones: 38 significant correlations for treatment seedlings vs. 85 correlations for control 
seedlings, % (i)=17.96, Pc.OOl, dead trees: 55 significant correlations for treatment seedlings 
vs. 92 correlations for control seedlings, x2(i)=9.31, P=.002). There was no difference in the 
number of significant correlations between terpenes for the seedlings grown from the old 
cones (57 for treatment seedlings and 53 for control seedlings, x2(i)=-15, P=.70). However, 
for seedlings grown from all three cone types, the maximum correlation coefficient was 
higher for the control seedlings than for the treatment seedlings (fresh=.89 for control, .80 for 
treatment, old=.91 for control, .87 for treatment, and dead=.95 for control, .93 for treatment). 
Overall, the terpenes in the seedlings grown from the fresh cones in the treatment group 
appeared to be the least correlated, with a total of only 38 significant correlations, with a 
maximum correlation coefficient of .80, while the seedlings grown from the old cones in the 
control group appeared to be the most correlated, with a total of 92 significant correlations 
and a maximum correlation coefficient of .95.
The linear discriminant analysis showed distinct separation based on the terpene 
profiles of the seedlings between those grown from different cone types (Figure 4.4). Those 
seedlings grown from the Carp Lake seed source were easily separated, and the distinction 
between cone types was clear (Figure 4.4A,B). Those grown from either the Mackenzie or 
McBride seed source were able to be separated without or with minimal overlap based on 
their terpene profiles, but were less clearly differentiated than those from Carp Lake (Figure 
4.4C-F).
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Figure 4.4. Canonical scores plots from linear discriminant analysis, showing the separation 
of cone types by terpene concentrations. Concentrations of all cone types were In (x+1) 
transformed before analysis.
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4.3.2 Chiral terpene analysis
Descriptive statistics of the analyzed chiral terpenes are shown in Table 4.5. For P- 
pinene, the (+) enantiomer was present in greater concentrations than that of the (-) 
enantiomer, and represented 12% of the total p-pinene concentration. For a-pinene, 
camphene, and sabinene, the (-) enantiomer was predominant, and represented 83%, 62%, 
and 73% respectively. Concentrations of the (+) and (-) enantiomers for r-limonene were 
similar.
The mixed-model ANOVAs, describing the effect of the cone type of maternal seed 
source and treatment type on the proportion of the (+) enantiomer, did not show a significant 
difference of the effects of either of the fixed effects predictor variables or their interaction 
(Table 4.6). For the analysis of the random effects, there was a significant effect of site of 
seed source on the proportion of the (+) enantiomer of P-pinene (j(2(1)=3.97, P=.05) (Table 
4.7).
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Table 4.5. Descriptive statistics and comparisons by paired f-tests of the proportion of 
concentrations of (+) and (-) enantiomers of analyzed terpenes in lodgepole pine woody 
tissue. N=45.
(+) Enantiomer (-) Enantiomer
Chiral Mean Std. Err. Mean Mean Std. Err. Mean
terpene (ppm) (ppm) % (ppm) (ppm) % 1 44) P
P-Pinene 1280 158 72 508 50 28 4.32 <.001
a-Pinene 288 36 17 1420 73 83 -14.89 <.001
Camphene 27 3 38 43 4 62 -3.00 0.004
r-Limonene 286 46 59 199 45 41 1.27 0 .2 1
Sabinene 108 19 27 298 24 73 -5.66 <.001
Table 4.6. Results of the mixed-model ANOVAs for the effect of MeJa treatment and 
conetype of maternal seed source on the proportion of (+) enantiomer produced for five 
chiral terpenes in woody tissue of lodgepole pine seedlings. Random effects were site and 
family. df= degrees of freedom (numerator, denominator). N=45.
Chiral Conetype Treatment Conetype *Treatment
terpene________ df______ F_____P______df_____ F_____ P_______df______ F_____ P
P-Pinene 2,37.6 1.35 0.27 1,37.3 0.58 0.45 2,37.1 2.34 0 .1 1
a-Pinene 2,16 0.25 0.78 1,32.5 0.34 0.57 2,32.3 0 .1 2 0.89
Camphene 2,15.7 0.53 0.60 1,34.7 0 .0 0 0.97 2,34.3 0.18 0.84
r-Limonene 2,38.1 1 .0 0 0.38 1,37.6 2.92 0.096 2,37.2 0.71 0.50
Sabinene 2,38.2 0.49 0.62 1,47.6 0.18 0.67 2,37.2 0 .1 2 0.89
Table 4.7. Significance tests of the random effects (Site and Family) from the mixed-model 
ANOVAs for the effect of MeJa treatment and conetype of maternal seed source on the 
proportion of (+) enantiomer produced for five chiral terpenes in woody tissue of lodgepole 
pine seedlings. N=45.
Chiral
terpene X2( i)
Site
P
Family
X20 ) P
P-Pinene 3.97 0.05 0 .0 0 1
a-Pinene 0 .0 0 1 0.34 0 .6
Camphene 0.25 0 .6 0.03 0.9
r-Limonene 0.14 0.7 0 .0 0 1
Sabinene 0.28 0 .6 0 .0 0 1
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4.3.3 Growth rates
The mixed effects ANCOVA for the effect of the categorical predictors on the total 
height growth of the seedlings showed no significant effects for any of the fixed effects: 
conetype (F(2,2i.9=.4 5 , P=.64), treatment (F d j34.1p.OOO2 , P=.99), or the interaction of 
conetype and treatment (F12j 33.7p . 5 6 , F=.57), or either of the random effects: Site (x np-30, 
F=0.6), or Family (x2(ip.99, F=0.3). In addition, there was not a significant correlation 
between height growth and total terpene production in the seedlings (r=-.092, P=.26).
4.3.4 Weevil Bioassay
The mixed effects ANCOVA for the total area of bark tissue eaten by weevils showed 
no significant effects of cone type of maternal seed source (F<2,68.9)=-7 1 , F = .5 0 ), treatment 
type (Fd.7i.9p.03, F=.8 6 ), or their interaction (F(2,71.ip  1.28, P=.28). There were significant 
differences between the total feeding of male and female weevils (Fd,67.9)=7 .5 6 , P=.008), 
with female weevils eating more bark tissue than their male counterparts (Figure 5 ). For the 
random effects, there were non-significant effects for site of seed source on total area of bark 
tissue eaten (x2(ip2.96, P=.09), and no additional effect of family (x2(i)=0, P= l) or container 
(X2(i)= 0003, P=.99). Graphical representation (Figure 4.6) of the effect of site of seed source 
on the total area of bark tissue fed on by weevils suggests that branches from seedlings of 
Carp Lake seed source may have been fed on less than those from either Mackenzie or 
McBride, which were similar.
The results of the mixed effects linear regressions for the effect of the individual 
terpene concentrations on total weevil feeding are shown in Table 4.8. Total area of bark 
tissue eaten decreased with increased concentrations of P-phellandrene (/f73p - 2 .2 8 , p -  03), 
camphene (t<73p-2.38, P=.02), myrcene (7(73p-2.56, P=.01), r-limonene (t<73p-2.28, P=.03),
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bomyl acetate (f(73)=-3.78, Pc.001), linalool (^73)—-2.24, P=.03), y-terpinene (t(73)=-3.27, 
P=.002), and terpineol (r(73)=-2.65, P=.01), while sabinene (?(73)=-1.97, P=.052) and fenchone 
& terpinolene (r(73>=-1 -99, P=.051) both showed possible but non-significant trends. In 
addition, total area of bark tissue eaten increased with increased concentrations of P-pinene 
(rr73)=2.11, P=.04).
Results of the overall best-fit mixed effects linear regression equation describing the 
total area of bark tissue eaten by individuals of H. warreni are shown in Table 4.9. The best- 
fit model contained the fixed effects of p-pinene, limonene, bomyl acetate, linalool, and y- 
terpinene concentrations, as well as the sex of the weevil. The random effects were site, 
family and container. For the terpenes included, P-pinene concentrations were positively 
associated with total area of bark eaten, while the concentrations of the other terpenes were 
negatively associated with area eaten, as was seen for the individual regressions. For the AIC 
values associated with the model selection, see Appendix C, Table C.3.1
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Figure 4.5. Effect of the sex of Hylobius warreni individuals on the mean area of bark tissue 
eaten of branches from lodgepole pine seedlings in a feeding bioassay (N= 37 male, 38 
female, F( 167 9)=7.56, P=.008).
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Figure 4.6. Effect of site of seed source of lodgepole pine seedling branches on the mean area 
of bark tissue eaten by individuals of Hylobius warreni in a feeding bioassay. N=50 branches 
for each site. The overall random effect of site of seed source was not significant (x2(d=2.96, 
P=.09).
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Table 4.8. Results of the individual mixed effects linear regressions of area of bark tissue 
eaten (mm2, Square root transformed) over the concentrations (ppm) of individual terpenes. 
Covariates included in the models were sex, which was significant in all models (P<.05), and 
surface area of bark tissue available (NS). The random effect was container.
Terpene Estimate SE t  (73) P
P-Phellandrene -3.41E-04 1.50E-04 -2.28 0.03
P-Pinene 2.47E-04 1.17E-04 2.11 0.04
5-3-Carene -5.68E-04 4.30E-04 -1.32 0.19
a-Pinene -1.84E-04 5.43E-04 -0.34 0.74
Camphene -4.62E-03 1.94E-03 -2.38 0.02
Myrcene -4.75E-03 1.85E-03 -2.56 0.01
r-Limonene -2.61E-03 1.14E-03 -2.28 0.03
Sabinene -2.00E-03 1.01E-03 -1.97 0.052
a-Phellandrene -2.83E-03 1.47E-03 -1.92 0.06
Fenchone & Terpinolene -3.54E-03 1.78E-03 -1.99 0.051
Ocimene 8.29E-04 1.66E-03 0.50 0.62
Bomyl acetate -2.11E-02 5.58E-03 -3.78 <0.001
Geranyl acetate 1.41E-04 2.86E-03 0.05 0.96
Linalool -3.04E-02 1.35E-02 -2.24 0.03
P-Thujone -1.41E-04 2.59E-03 -0.05 0.96
a-Terpinene -1.89E-03 5.35E-03 -0.35 0.73
p-Cymene -5.29E-03 7.95E-03 -0.67 0.51
y-Terpinene -7.17E-02 2.19E-02 -3.27 0.002
P-Caryophylene -4.07E-03 4.11E-03 -0.99 0.32
a-Thujone -4.40E-05 2.88E-03 -0.02 0.99
a-Thujene -1.14E-03 5.17E-03 -0.22 0.83
Citronellal 2.49E-03 7.49E-03 0.33 0.74
Bomeol -2.75E-02 2.37E-02 -1.16 0.25
Citronellol 2.23E-03 1.40E-02 0.16 0.87
Citronellyl acetate -4.09E-03 2.04E-02 -0.20 0.84
Terpineol -7.06E-02 2.66E-02 -2.65 0.01
Geraniol -4.70E-02 3.82E-02 -1.23 0.22
Camphor -2.45E-02 4.70E-02 -0.52 0.60
a-Humulene -6.90E-02 3.69E-02 -1.87 0.07
Pulegone -2.70E-02 7.86E-02 -0.34 0.73
Total -6.00E-05 7.46E-05 -0.81 0.42
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Table 4.9. Results of the best-fit mixed effects linear regression equation, chosen by AIC 
value, describing the predictors of the total area of lodgpeole pine seedling woody tissue 
eaten by individuals of Hylobius warreni. The response variable was square root 
transformed, and the random effects were site, family and container.
Value SE df t P
(Intercept) 9.11 1.23 70 7.38 <.001
Sex (Male) -2.02 0.63 64 -3.20 0.002
P-Pinene 2.14H-04 1.13E-04 70 1.90 0.06
r-Limonene -1.78E-03 1.04E-03 70 -1.71 0.09
Bomyl acetate -1.59E-02 5.41E-03 70 -2.93 0.005
Linalool -2.16E-02 1.30E-02 70 -1.66 0.10
y-Terpinene -4.77E-02 2.14E-02 70 -2.23 0.03
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4.4 Discussion
4.4,1 Chemical composition of seedlings
There were a number of terpenes that showed differences in production between 
seedlings grown from different cone types and in all of these cases, the seedlings grown from 
the cones from live trees (either old and/or fresh cones) showed higher terpene 
concentrations than those grown from the cones of dead trees (Figure 4.2). For the major, 
predominant terpenes, the general trend was that the seedlings grown from fresh cones from 
live trees had the highest concentrations, followed by those from the old cones from live 
trees, and finally the lowest levels in the seedlings grown from dead trees (Figure 4.2A-H). 
These trends are similar to those that would be expected as the result of induced terpene 
production, based on the assumption of resistance traits of the parents. For example, Raffa 
and Berryman (1982) found that resistant trees undergoing induced defense had higher levels 
of limonene, y-terpinene and terpinolene than those that were classified as less resistant. In 
addition, Clark et al. (2012) found that lodgepole pine trees in areas of high MPB pressure 
that were not successfully attacked had higher levels of induced limonene and terpinolene 
than those which were attacked and killed. These trends in terpene concentrations, combined 
with the lack of a strong significant response to the MeJa treatment, and the observation of 
the aphid feeding on most or all of the trees, suggests that the majority of the trees in this 
study were under some stress and thus were exhibiting at least some level of induced 
defenses.
Where there were significant differences between the production of the terpenes 
present in trace amounts based on the cone type of seed source, the general pattern was
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somewhat different to that of the predominant terpenes. For these compounds, the seedlings 
grown from the old cones had the highest concentrations, which were higher even than those 
grown from the fresh cones on the same trees (Figure 4.2I-K). Some of these compounds are 
very similar in structure to, or are linked to the synthesis, of other terpenes that showed the 
more prevalent trend of highest concentrations for the seedlings from the fresh cones. For 
example, geraniol and linalool, as well as a-thujene and sabinene are isomers of one another. 
In addition, the terpenes showing this trend, with the exception of a-thujene, were 
oxygenated compounds (alcohols or ketones), and therefore might be produced as the result 
of modifications of other more prevalent terpenes. For example, the oxidation of the alcohol 
bomeol produces the ketone camphor (Croteau et al. 1981). Further, the correlations between 
terpenes showed that many of the trace terpenes were negatively correlated with more 
prevalent terpenes, especially in the seedlings grown from the old cones (Figure 4.3). For 
example, in the control seedlings, camphor and sabinene, geraniol and p-cymene, as well as 
a-thujene and p-caryophylene, and in the treatment seedlings, bomeol and P-pinene, camphor 
and fenchone & terpinolene, as well as geraniol and linalool were all significantly negatively 
correlated. In addition, some of these correlated prevalent terpenes showed differences based 
on cone type of seed source (sabinene, p-cymene and fenchone & terpinolene), with highest 
concentrations for the seedlings grown from fresh cones. These observations may therefore 
help explain the findings for these trace terpenes. If the production of these compounds did 
confer some additional defense against the MPB, they would give those seedlings with a 
tendency to produce them in large quantities an advantage over those that did not (i.e. over 
those grown from the seeds of dead cones). However, if their production came at an overall 
energetic cost, such as reducing the production of the more predominant terpenes, which may
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confer even more defensive qualities, those trees would be at a disadvantage compared to 
those which produced less of them (i.e. those grown from the seeds of fresh cones).
Lodgepole pine defensive reactions appear to be highly generalized, increasing 
concentrations of all produced terpenes simultaneously (Raffa and Berryman 1982, 1983). 
Therefore, qualitative differences in the ratios of terpenes produced, such as those seen here, 
are likely due to heritable tendencies to produce differential amounts of specific terpenes, 
within the context of this generalized defensive response. The results here show that severe 
beetle pressure such as that seen in the interior British Columbia may create strong natural 
selection for these tendencies. Those terpenes whose production as a result of induced 
defenses has previously been estimated to be highly heritable, such as 8-3-carene and p- 
pinene (Ott et al. 2011), and which showed differences in production based on family 
(maternal seed source), but which did not show differences between cone types, are thus 
unlikely to exert strong selective pressure based on MPB attacks. Conversely, those terpenes 
whose induced production appears to be less heritable, such as a-pinene and myrcene (Ott et 
al. 2011), but which did show significant differences between cone types of seed source, may 
have a high level of importance in the selective differences. For these terpenes, the trends 
from the parental trees would have to be especially strong in order to be passed along to the 
offspring seedlings used here.
Some of the differences observed between terpenes may be related to the functions of 
the compounds. Limonene, 5-3-carene, and a-pinene have all found to be toxic to MPB eggs. 
For example, Raffa and Berryman (1983) note that prolonged exposure to 1% concentrations 
of these monoterpenes caused 60%, 40% and 37% mortality, respectively, compared to 10% 
for control eggs. However, of these compounds, only limonene showed possible differences
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(although non-significant) in concentrations among the seedlings from the different cone 
types. Conversely, 8-3-carene, and a-pinene did not show differences based on cone type, 
which is surprising given their toxicity.
In addition to acting as toxic defenses, certain monoterpenes are also attractive to 
searching MPB as they act as co-attractants, acting synergistically along with the pine beetle 
pheromones trans- verbenol and exo-brevicomin to attract further beetles to the tree (Borden 
et al. 1983, 1987, 2008). Myrcene appears to be the primary and most important synergist for 
MPB attraction, although terpinolene, 8-3-carene, P-phellandrene, and a-pinene have all been 
identified as potential synergists (Miller and Lindgren 2000, Miller and Borden 2000, 
Seybold et al. 2006, Borden et al. 2008). In this context, the finding that myrcene increased 
in the seedlings from the more resistant cone types is surprising. If myrcene is a strong 
synergist with pheromones to searching MPB, then its presence might make the trees more 
apparent and prone to mass attack. However, myrcene was strongly correlated with a number 
of other terpenes that might have a more deterrent/ repellent effect (see Appendix C, Table 
C.2.1), which may explain its higher concentrations. Conversely, myrcene levels in resistant 
trees may tend to increase as a result of induced defenses, as was likely observed in this 
study, but may tend to be lower in constituent defenses. These findings may also help explain 
the lack of a relationship between cone type of the seed source and both 8-3-carene and a- 
pinene concentrations, however. Although they are both toxic and the former is highly 
heritable, if 8-3-carene acts as an attractant and a-pinene acts as a precursor to an attractant 
and/or a synergist, then there would be conflicting selective pressures. Finally, certain 
monoterpenes, especially at high concentrations, may be repellent to searching bark beetles. 
For example, Miller and Borden (2000) found that high concentrations of terpinolene acted
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to interrupt the response of MPB to other attractive chemicals. This may help explain the 
increased production of terpinolene in seedlings from putatively resistant cone types, even 
though at lower concentrations terpinolene may be attractive to searching bark beetles.
The Spearman’s rank correlations between the concentrations of the different 
analyzed terpenes (Appendix C, Table C.2.1) showed a large number of significant positive 
correlations and a few negative ones. In general, there were a greater number of significant 
correlations, and larger maximum values of correlations for the control trees, when compared 
to the treatment trees. In addition, the linear discriminant analysis suggested that the 
seedlings grown from the three different cone types were readily separated by their terpene 
profiles, and that the strength of this separation differed by the site of seed source of the 
seedlings. This result extends on, and strengthens the findings of Ferrenberg et al. (2014), 
who found that both lodgepole pine and limber pine trees were able to be almost entirely 
separated into MPB resistance classes by a discriminant analysis on the basis of their 
defensive (resin duct) and growth characteristics. For both the correlations and the LDA, 
there were differences observed in the entire complement of terpenes for treatment type and 
site, respectively, which were not apparent in the mixed effect ANOVAs of most of the 
individual terpenes. These results, along with the observation that although some individual 
terpenes varied with the cone type of seed source in the ANOVAs, but there was no effect of 
the overall terpene concentration, may suggest that many of the differences in the terpene 
profiles between the seedlings were the result of qualitative differences, not purely 
quantitative ones. Therefore, for the response of individual seedlings to stressors such as 
environment (which would change based on the location) and pathogen/ pest attack (which is 
mimicked by the MeJa treatment) differences in the ratios of many terpenes may be of vital
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importance to defense or adaptation, rather than simply one or two key terpenes or an overall 
increase in terpene production.
4.4.2 Chirality o f  terpenes
For camphene, sabinene, and a-pinene, the seedlings consisted of predominantly the 
(-) enantiomer. These results are similar to those of Pureswaran et al. (2004), who found 
similar trends of camphene and sabinene, and to those of Clark et al. (2014) who found 
similar trends for a-pinene in lodgepole pine woody tissue. In addition, the (-) enantiomer of 
a-pinene is the form of the molecule that is converted to the biologically active enantiomer of 
the pheromone (-) trans-verbenol by MPB females (Borden et al. 1987). There was no 
significant difference between the (+) and (-) forms of limonene in the seedlings analyzed in 
this study. Conversely, previous work on mature trees has suggested that the (-) enantiomer 
of limonene may tend to be more prevalent than the (+) form (Pureswaran et al. 2004, Clark 
et al. 2014). Further, the seedlings used in this study appeared to be predominantly the (+) 
enantiomer of (1-pinene, rather than the (-) form. This is in contrast to the results of 
Pureswaran et al. (2004), who found that the (-) enantiomer was more abundant in both the 
bole woody tissue (bark, phloem and sapwood) and foliage of mature trees, and the results of 
Clark et al. (2014) who found only the (-) enantiomer and none of the (+) enantiomer in the 
phloem tissue of mature trees. Possibly the differences observed between this study and 
previous work, in these final two terpenes, could be due to using seedlings instead of mature 
trees or using branches instead of woody tissue from the bole of the tree, as previous studies 
have suggested that monoterpene compositions can vary between different tissues within the 
same tree (Pureswaran and Borden 2004 and references within). Alternatively, it may 
represent regional differences in enantiomeric compositions, which is possible for p-pinene
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due to the differences observed due to the random factor of site (although all sites in my 
study showed higher levels of the (+) enantiomer), or an adaptive difference due to resistance 
traits. However, this last option seems unlikely, since there were not differences between 
cone types or treatment types observed for either compound.
4.4.3 Growth rates
The data from the seedlings suggests that in this study, there was no apparent effect 
of cone type or treatment type on growth, or apparent direct tradeoff between terpene 
production and growth. This parallels the results of Raffa and Berryman (1982), who found 
no differences in previous five-year growth rates for mature lodgepole pine trees that were 
classified as resistant or susceptible to MPB. Conversely, Ferrenberg et al. (2014) found that 
lodgpole pine trees that were MPB resistant actually tended to have higher radial and basal 
area increment growth rates than those trees that were killed by the MPB, though the radial 
growth trend was not significant. Additionally, several other studies of species within the 
genus Pinus have shown a tradeoff between induced defenses elicited by MeJa and growth 
rates, with increased defensive metabolite production reducing growth rates (Heijari et al. 
2005, Gould et al. 2008, Sampedro et al. 2011). These results suggests that perhaps, although 
the overall elicitation of induced defenses may come at a cost, the specific genetic-based 
defenses that increase resistance to the MPB may be less costly, and thus confer a direct 
fitness benefit in the case of selective pressures from the beetles.
4.4.4 Weevil bioassay
The bioassay showed that H. warreni feeding on the seedling branches was primarily 
affected by sex of the weevil, a number of different individual terpenes, and potentially the 
site of the seed source. Among sites of seed source, feeding rates appeared to be lowest for
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Carp Lake, and higher for Mackenzie and McBride (Figure 4.6). This is interesting, since the 
seedlings grown from different cone types at the Carp Lake seed source were also the most 
readily differentiated by their terpene profiles (Figure 4.4), although only one compound 
(fenchone & terpinolene) showed differences in its production based on site of seed source 
(Table 4.4). The regressions of the terpene concentrations against total area of bark tissue fed 
on by weevils showed a possible positive relationship between P-pinene and weevil feeding, 
and negative relationships between a number of different terpenes (Table 4.8). However, due 
to the strong correlations between some of these terpenes, such as between camphene and 
myrcene (see Appendix C, Table C.2.1), it is possible that some of these effects are merely 
artefacts of the general induction of defenses among the pine. The best-fit model showed that 
P-pinene (positive relationship), r-limonene, bomyl acetate, linalool, and y-terpinene 
(negative relationships), along with site and sex were the best predictors of weevil feeding. 
Therefore, it is possible that p-pinene is serving as a feeding stimulant to the weevils, while 
the other terpenes are serving as feeding deterrents. The role of P-pinene as a feeding 
stimulant may be explained as a host-recognition signal. Pureswaran et al. (2004) note that 
different tissues within the same tree often have different relative and absolute amounts of 
monoterpenes, and they found that in several populations of lodgepole pine, the bole tissues 
had more (-) P-phellandrene than (-) P-pinene, while in the foliage the reverse was true. It 
therefore may be possible that the weevils use P-pinene as an indication that they are in the 
correct portion of the tree for suitable feeding (upper branches rather than lower bole or 
roots). Among the terpenes showing effects as feeding deterrents, the less predominant 
terpenes (bomyl acetate, linalool and y-terpinene) showed effects on weevil feeding with 
differences in production at least an order of magnitude smaller than those of the more
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predominant terpenes (P-pinene and r-limonene) (Table 4.8). This suggests that these less 
prevalent terpenes may be extremely distasteful, toxic, or perhaps used by the weevils an 
indicator of host specificity or suitability.
Other pine-feeding weevil species have been shown to exhibit differences in feeding 
rates due to terpene concentrations in the tissues of their host trees. For example, application 
of methyl jasmonate to Scots pine (Pinus sylvestrus L.) and maritime pine (Pinus pinaster) 
increased terpene concentrations within the affected tissues, and subsequently reduced 
feeding rates by the pine weevil, {Hylobius abietis) (Heijari et al. 2005, Sampedro et al.
2011). In addition, prior indirect evidence has suggested a possible relationship between H. 
warreni host selection and terpene concentrations. Duke and Lindgren (2006) found that 
there were potential correlations between lodgepole pine trees previously attacked by 
individuals of H. warreni and concentrations of a-terpinolene, P-phellandrene, a-thujene and 
8-3-carene, although there was no method to separate cause and effect of weevil attack. In 
addition, feeding bioassays of H. warreni have suggested individuals display some form of 
host recognition while feeding, as they fed more on preferred hosts (lodgepole pine), 
compared to less preferred conifers and non-host angiosperms, although it was unclear if this 
preference was related to the chemical composition of the trees (Hopkins et al. 2009). 
However, my study appears to be the first to directly show that differences in feeding of H. 
warreni are related to the chemical composition of their host trees. Therefore, host- 
recognition and selection mechanisms by H. warreni appear to be, at least in part, due to 
differences in chemical composition between potential host trees.
In summary, my study does suggest that potential traits that determine resistance to 
the mountain pine beetle do have a heritable effect on the physiology of terpenes produced
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by offspring seedlings. It is likely that these heritable differences are primarily due to 
differences in production related to induced defenses. In addition, the terpene profiles of 
these seedlings appear to affect the feeding of another insect pest, H. warreni. However, it is 
not clear whether the heritable differences in production of these terpenes, which may affect 
resistance to future MPB attacks, confer any resistance to attacks by H. warreni. There were 
no differences in H. warreni feeding based on cone type of seed source, and the terpenes 
which appeared to influence H. warreni feeding the most did not show significant differences 
between these cone types. Therefore, seedlings which may be resistant to the MPB when 
they are older may not show any particular resistance to other pest species which may attack 
them first, such as H. warreni. However, given that there were no, or minimal apparent 
tradeoffs in growth and defensive terpene production, these results still suggest that selection 
for genotypes resistant to the MPB may have net positive effects. Therefore, selection for 
resistance traits may be an advisable option for replanting of our pine forest in the wake of 
the most destructive natural force in recent years.
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5. CONCLUSIONS AND IMPLICATIONS
The purpose of this thesis was to examine the host selection behaviour of the Warren 
root collar weevil Hylobius warreni. Hylobius warreni is a phytophagous forest pest, native 
to the interior of British Columbia. The larvae of the species feed on the roots and root 
collars of host conifer trees, particularly lodgepole pine (Pinus contorta var. latifolia) 
(Cerezke 1994). This larval feeding can result in either partial or complete girdling of the 
stem or main roots, causing mortality or growth reductions (Warren 1956, Cerezke 1974, 
1994, Ives and Rentz 1993). The economic problem has increased in magnitude in recent 
years, following the largest outbreak of the mountain pine beetle (Dendroctonus ponderosae) 
in recent times. Replanting of lodgepole pine following harvest has resulted in monoculture 
blocks of young pine, particularly susceptible to the effects of the weevils due to their age 
and resulting small size (Cerezke 1994) as well as the tendency for planted trees to have 
smaller and more deformed roots (Robert and Lindgren 2006, 2010). In addition, mortality of 
pine hosts due to MPB has caused existing populations of weevils to become concentrated on 
the remaining and replanted trees (Klingenberg et al. 2010b).
Two sequential processes make up host selection in phytophagous insects: host 
location, the process of initial sensing and identifying a potential host tree prior to making 
physical contact; and host assessment, the process of determining if an identified tree is 
suitable for use, once contact with the host has been made (Dethier 1983). Previous work on 
H. warreni has suggested that it uses vision (Machial et al. 2012a), along with random 
movements (Klingenberg et al. 2010a, Machial et al. 2012b) during the host location process, 
while the mechanisms of subsequent host assessment are currently unknown. This research 
in this thesis was undertaken in an effort to determine the relative importance of random vs.
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directed movements during the host location process, as well as to possibly identify any 
physical characteristics of potential host trees that may prove important in during host 
location. In addition, the possibility that chemical cues may be used during the host 
assessment phase was investigated. In Chapter 2 I discussed direct observations that I made 
of weevil movements in a young lodgepole pine stand, by tagging and tracking individuals 
with harmonic radar transponders, in order to determine host location when faced with a 
choice between potential host trees. In Chapter 3 I used an existing capture-mark-recapture 
data set to investigate movement patterns and population characteristics in a more mature 
lodgepole pine stand, to expand on the host selection and location data from Chapter 2. 
Finally, in Chapter 4 I discussed an induced stress experiment on three-year old lodgeople 
pine seedlings, as well as a weevil feeding bioassay to look at the possibility that secondary 
metabolites (terpenes) in the woody tissue of the seedlings were affected by genetic 
resistance characteristics of the trees to the mountain pine beetle, as well as the effect of 
those terpenes on the host assessment process of H. warreni.
In Chapter 2 ,1 found no trends in movement or turn directions, as the mean direction 
of the first move did not follow a consistent trend, nor did it correlate with the closest or 
largest tree within each plot. In Chapter 3 ,1 found no trends in the direction of sequential 
movements of individual weevils. These results suggest that there is likely a strong random 
element to the movements of the weevils when searching for host trees, and that they are 
most probably not using external cues such as solar direction to assist in their movements. 
This strengthens the results of previously published research on the species, as several 
studies have found that the weevils move faster but non-directional in environments without 
appropriate host trees, including dead hosts (Klingenberg et al. 2010a) and an open field
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(Machial et al. 2012b). Within suitable habitats, Cerezke (1994) found that weevils moving 
between host trees showed no consistent directional movements, while Schroff et al. (2006) 
found that the spatial distribution of weevil attacks tend to be randomly spaced rather than 
clumped.
In Chapter 2, the trees that were located by weevils were found to be taller and closer 
to the plot center than trees that were not located by weevils. In addition, the effect of height 
increased when trees were closer to their nearest neighbour, and showed a possible trend of 
increasing the effect of height with increased distance from the weevil’s release point. In 
Chapter 3, trees with Bjorklund funnel traps that captured more weevils were larger in 
diameter and healthier than trees that caught fewer weevils. Further, the effect of diameter 
increased when trees were closer to other trees, by both nearest neighbour distance and 
distance between that tree and all of its neighbour trees. These trends may show evidence 
that larger trees may be located based on the conspicuousness of their silhouette and/or their 
apparent size, and supports the conclusion by Machial et al. (2012a) that the weevils use 
primarily visual cues to orient themselves towards potential hosts. It is therefore possible that 
the weevils use random movements when they are in areas with few hosts, and thus have not 
yet perceived a potentially suitable host, and then switch to primarily visual cues to move 
towards a possible host once one has been found.
In Chapter 4, a number of different terpenes in woody tissues of host branches 
showed effects on weevil feeding rates. This suggests that the process of host assessment 
may be determined at least in part by chemosensory cues, which the weevils may use to 
determine species-specific host cues and/or host suitability. However, these cues may be 
different than those used by other species of insects that attack the same trees, such as the
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mountain pine beetle, as there did not seem to be a strong connection to the terpenes that 
appeared to act as heritable defenses towards the pine beetle. The majority of the terpenes 
that affected the weevils showed a negative relationship with feeding rates, although a single 
terpene, P-pinene, showed a positive correlation. Therefore, most terpenes produced by the 
trees likely act as chemical defenses and deter the feeding of the weevils, while P-pinene may 
act as a feeding stimulant, and thus may be a host specific or host suitability signal.
The evidence presented here suggests that H. warreni likely uses a combination of 
random movements and visual signals during the host location phase, while they use 
chemical signals, at least to some extent, during the host assessment phase. The lack of 
strong selectivity during host location is likely related to the species’ generalist feeding 
habits, as they have been known to attack most species of conifers (Warren 1956, Grant 
1966, Cerezke 1994). Lance (1983) notes that specialist species tend to have more 
sophisticated host-location mechanisms, while those of generalist species tend to be less 
specific, as the distribution of their hosts includes a larger number of plant species and thus is 
often more spatially predictable. Further, Stanton (1983) notes that long-distance host finding 
by shape and vision is usually very generalized and orients insects to general shapes only, 
while at close range individuals may recognize specific hosts based on shapes (e.g. leaf 
shape). Therefore the visual cues used by H. warreni during host location are likely general 
and orient the weevils to vertical or tree silhouettes only (Machial et al. 2012b). Although 
generalists can utilize a large number of potential hosts, they can still benefit in fitness if they 
select the most suitable hosts in their area. For example, the gypsy moth (Lymantria dispar 
L.) can feed on the foliage of up to 500 plant species, but still prefers certain species such as 
oak (Querus spp.) rather than other deciduous tree species in laboratory choice bioassays
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(Lance 1983). This suggests that, when potential hosts are abundant, specific host assessment 
mechanisms, such as the observed differences in feeding based on terpene concentrations, 
would be advantageous.
The data presented in Chapter 4 suggest that, although the weevils do appear to 
selectively feed on certain host trees and thus show host assessment based on the tree’s 
chemical defenses, the secondary metabolites that deter the weevils may not be the same 
terpenes that act in defense against other insect pests. The lodgepole pine seedlings grown 
from a parental seed source that was thought to be more resistant to the mountain pine beetle 
showed a number of differences in secondary metabolite production than those seedlings 
grown from less resistant seed source. This shows that there was substantial selective 
pressure on the parental trees, after only a single, although extremely large, outbreak event. 
Those trees more resistant to the pine beetle, based on their specific terpene profiles 
produced during induced defensive reactions, therefore had an advantage over those with 
differential terpene production. It is possible that the severity of the outbreak, during which 
even small diameter trees were killed, which during more typical outbreak conditions would 
likely have been spared from the beetle’s attacks, may be key to these differences in survival. 
Smaller, younger trees may have different defensive capabilities when compared to larger, 
older trees, as they would typically need to defend themselves against a different array of 
pest species. Therefore, during the extensive outbreak conditions, those trees that produced 
terpenes that helped defend them against the pine beetle at a younger age had an advantage 
over the general population.
The planting of trees with genotypes tending towards producing MPB-specific 
defenses at a young age could limit the spread or extent of future large-scale pine beetle
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outbreaks. However, these selectively planted trees would first be susceptible to other pest 
species such as H. warreni. My research suggests that perhaps these MPB- resistant trees 
would not be protected from these initial attacks and thus may be no more, or even less likely 
to be reach a size where their resistance towards the pine beetle could be utilized. Therefore, 
further research is warranted to determine if certain genotypes may be resistant to both 
species, or to a wider variety of pests. Thus, this and future research may potentially have 
widespread and long-lasting implications for the future conservation of our forest resources.
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APPENDIX A
A .l Schematic diagrams of study site at the Prince George Tree Improvement Station, 
used for Harmonic Radar tracking experiments of Hylobius warreni
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Figure A. 1.1. Schematic representation of the positions of 5 m X 5 m plots of trees relative to 
each other and to the edge of the access road in a primarily lodgepole pine stand at the Prince 
George Tree Improvement Station, used in a Harmonic Radar tracking experiment of 
Hylobius warreni in the summer of 2013 and 2014.
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Figure A.I.2. Arrangement of trees in plots numbered 1-15, used for Harmonic Radar 
tracking experiments in the spring and summer of 2013 and 2014. Plots are 5m X 5m in 
diameter. Tree sizes not to scale.
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A.2 Model selection by AIC value, representing Hylobius warreni selection of trees.
Table A.2.1. Results of mixed effects logistic regression models by AIC value (AIC <120), used to determine weevil selection of trees 
during Harmonic radar tracking experiments in the spring and summer of 2013 and 2014. D=Distance of tree from plot center, H= 
Total tree height, NN=Distance from tree to nearest neighbour tree. The random effect included was Plot, and fixed effect variables 
were centered around the mean.
Model Zbo P 60 ZeiD Pbid Zb2H Pfl2H ZfONN Pb3NN Zfl4D»H Pb4D»H ZfiSH*NN P B5H*NN Zfl6D*NN P B6D*NN AIC
Null -8.27 <.001 - - - - - - - - - - 143.01
D+H -6.94 <.001 -4.26 <.001 3.05 0.002 - - - - - - - - 117.23
D+H+D:H -6.01 <.001 -4.24 <.001 3.33 <.001 - - 1.99 0.05 - - - - 115.33
D+H+NN -6.89 <.001 -4.24 <.001 2.98 0.003 -0.80 0.42 - - - - - - 118.54
D+H+NN+D:H -6.01 <.001 -4.20 <.001 3.24 0.001 -0.61 0.54 1.91 0.06 - - - - 116.94
D+H+NN+H:NN -6.73 <.001 -4.30 <.001 2.07 0.039 -0.91 0.36 - - -2.33 0.02 - - 115.67
D+H+NN+D:H+D:NN -6.01 <.001 -4.21 <.001 3.20 0.001 -0.58 0.56 1.90 0.06 - - -0.19 0.85 118.91
D+H+NN+D:H+H :NN -6.16 <.001 -4.28 <.001 2.59 0.010 -0.41 0.68 1.82 0.07 -2.27 0.02 - - 114.37
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APPENDIX B
B.l. Relationship between number of Hylobius warreni individuals marked, captured, 
and recaptured in a lodgepole pine stand.
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Figure B.1.1. Linear relationship between total number of individuals marked (M) and the 
ratio of the number of individuals recaptured (R)/ number of individuals captured for the first 
time (C) in a capture-mark-recapture study of Hylobius warreni.
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B.2 Model selection by AIC value, representing the total number of captures of Hylobius warreni by funnel traps on lodgepole
pine trees.
Table B.2.1. Results of the best-fit linear regression models by AIC value (all models with AIC <164), as well as the null model 
containing only an intercept, a model with only diameter, and the starting model without interaction terms, used to determine the best 
model describing the number of H. warreni captures during a capture-mark-recapture study in a lodgepole pine stand. D= “Diameter”, 
NN= “Nearest Neighbour”, APA=”Area Potentially Available”, and C=”Colour”, L=”Leaning”. Variables were centered around the 
mean, and the dependent variable (total number of captures for each trap was ln(x+l) transformed. For further discussion of the 
variables considered, see the text.
Model AIC
D+APA+NN+C+L+NN:L+D: APA+D:NN -164.91
D+APA+NN+C+L+D: APA+D :NN -164.79
D+APA+NN+C+L+NN: L+APA :C+D :NN+C: L+AP A :C -164.29
D+AP A+NN+C+L+NN: L+D: APA+D: NN+AP A: NN -164.28
D+APA+NN+C+L+NN: L+D: APA+D :NN+AP A: C -164.10
D+APA+NN+C+L -158.39
Intercept and Diameter only -146.07
Null (Intercept only) -78.37
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APPENDIX C
C.l. Illustration of paternal and maternal seed sources of lodgepole pine cone types 
collected and grown for use in experiments
Mi i
Paternal seed 
source
Resistant + non-resistant Resistant only
Maternal seed Non-resistant Resistant
source
Figure C.1.1. Illustration of paternal and maternal seed sources of cone types of lodgepole 
pine collected and grown in the I.K. Barber Enhanced Forestry Laboratory at the University 
of Northern British Columbia, and used in an induced stress experiment testing the 
inheritance of terpene resistance traits to both the mountain pine beetle and the Warren root 
collar weevil Hylobius warreni.
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C.2 Correlations between analyzed terpenes in lodgepole pine woody tissue.
Table C.2.1 Spearman’s rank correlation coefficients for all analyzed terpenes, separated by cone type and by treatment type, showing 
only those which were significantly different from zero at a=.05 (lrl>0.40),. pPh= P-phellandrene, f!Pi= P-Pinene, 53C=5-3-Carene, 
aPi= a-Pinene, Cam=Camphene, Myr=Myrcene, Lim= r-Limonene, Sab=Sabinene, aPh= a-Phellandrene, FT=Fenchone & 
Terpinolene, Oci=Ocimene, BA=Bomyl acetate, GA=Geranyl acetate, Lin=Linalol, pTh= P-Thujone, aTer= a-Terpinene, pCy= p- 
Cymene, yTe= y-Terpinene, pCa= p=Citronellal„ aTho= a-Thujone, aThe= a-Thujene, Cta=Citronellal, Bor=Bomeol, Cto= 
Citronellol, CA=Citronellyl acetate, Ter=Terpineol, Cmr=Camphor, aHu= a-Humulene, Pul=Pulegone.
A. Fresh cone seed source, MeJa treatment______________________________________________________________________________
pPh pPi 53C aPi Cam Myr Lim Sab aPh FT GA Lin PTh aTe yTe aThe
yTe
wsm sm & m
aTho
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B. Fresh cone seed source, control
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C. Old cone seed source, MeJa treatment
wm®
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D. Old cone seed source, control
pPh pPi 83C aPi Cam Myr Lim Sab aPh FT Oci GA pTh aTe pCy pCa aTho Cta Cito CA Ter Ger Cmr
«*■ •• ? • . . *  ■ .. . :>■ . . . .  ,  - . . . . . . ............................ _ ........................................... u -
Cam .41 .64 -
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E. Dead tree seed source, MeJa treatment_____________
pPh pPi 63C aPi Cam Myr Sab aPh
 ;
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F. Dead tree seed source, control
pPh pPi 53C aPi Cam Myr Lim Sab aPh FT Oci BA GA Lin PTh aTe pCy yTe pCa aTho aThe Cta Cito Ter
 s -----------:-------------------------------------
Cam .66 .56
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C.3 Model selection by AIC value, representing the feeding of Hylobius warreni on lodgepole pine branches
Table C.3.1. Best-fit models (AIC <835) used for the selection of the overall model of total weevil feeding on lodgepole pine 
branches. Fixed effects considered were cone type, treatment, cone type*treatment, sex of weevil, surface area of available bark tissue, 
and all terpenes for which the individual regressions were significant (a=.05): P-phellandrene, p-pinene, camphene, myrcene, r- 
limonene, sabinene, fenchone & terpinolene, bomyl acetate, linalool, y-terpinene, andterpineol.
Model________________________________________________________________________________________________________ AIC
S ex +  P-Pinene +  r-Lim onene +  B om yl acetate +  L inalool +  y-Terpinene 830.94
S ex +  P-Pinene +  r-Lim onene +  B om yl acetate +  y-Terpinene 831.54
S ex +  P-Pinene +  B om yl acetate +  Linalool +  y-Terpinene 831.66
S ex  +  B om yl acetate +  r-L im onene+L inalool +  y-Terpinene 832.75
S ex +  p-Pinene +  r-Lim onene +  Sabinene + Bornyl acetate +  L inalool +  y-Terpinene 832.87
S ex +  p-Pinene +  r-Lim onene +  Fenchone & Terpinolene +  B om yl acetate +  Linalool +- y-Terpinene 832.90
S ex +  P-Pinene +  r-Lim onene +  Sabinene + Bornyl acetate +  y-Terpinene 833.53
S ex +  p-Pinene +  r-Lim onene +  Sabinene + Fenchone & T erpinolene + B om yl acetate +  L inalool +  y-Terpinene 833.56
S ex +  P-Pinene +  r-Lim onene +  Sabinene + B om yl acetate +  L inalool 833.61
S ex +  P-Pinene +  r-Lim onene +  Sabinene + B om yl acetate +  Linalool 833.61
S ex +  P-Pinene +  r-Lim onene +  Fenchone & Terpinolene +  B om yl acetate +  Linalool +  y-T erpinene + Terpineol 833.64
S ex +  P-Pinene +  r-Lim onene +  Sabinene +  Bornyl acetate +  L inalool +  y-Terpinene + Terpineol 833.70
S ex +  P-Pinene +  r-Lim onene +  B om yl acetate +L inalool 833.89
S ex +  P-Pinene +  r-Lim onene +  Sabinene +  Fenchone & T erpinolene +  B om yl acetate +  L inalool +  y-T erpinene +  T erpineol 834.44
Sex-t- p-Pinene +  r-Lim onene +  Sabinene +  Fenchone & T erpinolene +  B om yl acetate +  y-Terpinene 834.59
Sex-i- r-Lim onene +  Sabinene +  B om yl acetate +  Linalool +  y-Terpinene 834.68
S ex +  p-phellandrene +  p-Pinene +  r-Lim onene +  Sabinene +  F enchone & Terpinolene +■ B o m y l acetate +  L in a loo l +  y-T erpinene 834.85
S ex +  p-Pinene +  r-L im onene +  Sabinene +  Fenchone & Terpinolene +  B om yl acetate +  y-T erpinene +  T erpineol 834.89
Sex-t- P-Pinene +  Sabinene + Fenchone & Terpinolene +  B om yl acetate +  Linalool +  y-Terpinene___________________________________________834.91
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